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Cold-Formed Steel Construction constitutes today an in-
dustry of significant importance. Its products supplement
the usual hot-rolled steel structural members and can be di-
vided into two broad categories: a) structural sections whose
main purpose is to carry loads, and b) panels and decks which
in addition should provide useful surfaces or serve other func-
tions.
Cold-formed steel structural members are made of hot
rolled or cold reduced sheet or strip steel by any of the
cold-forming methods described below. Thicknesses range in
general from No. 28 Gage (0.0149 in.) to No. 10 Gage (0.1345
in.) but some formed shapes are made of thicker materials.
The process of cold-forming generally increases the yield
and ultimate strengths of the material, especially at corners
and bends where large plastic strains are produced. Thisre-
suIts in members which have non-uniform material properties
throughout the cross-section and with an average yield strength
larger than that of the original strip.
Extensive research has been carried out on the behavior
of such members and most of the findings have been used in the
Light Gage Cold-Formed Steel Design Manual of the American
Iron and Steel Institute (8). More recently, especial atten-
tion has been given to the effects of cold-forming on the
I
2properties of the material and the way in which they affect
the behavior of structural members (References 1 to 6, 9 and
13), since quantitative information on these topics will per-
mit a more rational and economical design. The investigation
presented here is a continuation of the above stud1esand
deals with aspects not covered by the earlier investigators.
Cold-Forming Methods
Three methods of cold-forming may be used in the produc-
tion of light gage structural members. Two of them, known as
brake forming, are semi-manual processes of limited production
capacity in which straight bending is applied to a sheet or
strip of metal to produce the desired shape. In this method,
a standard set of punches, dies and tools is all that is re-
quired to produce most of the shapes. The terms "air" and
"coin" press braked refer to the method of forming the corner.
In coin press braking, both the punch and the die match the
/
final shape desired in the corner, springback being .so elimi-
nated. On the other hand, in air press braking there is no
match between punch, die and final shape; the sheet or strip
forms a "bridge" between the edges of the die and consequently
the corner will bound with air on one of its faces during form-
ing. Springback allowance is given by bending the corner
sharper than the desired final angle.
The third method is cold-roll forming, a process for
rapid shaping of sheet, strip or coiled flat metal which pro-
duces sections of essentially uniform cross section with very
good finish. The stock is fed longitudinally through succes-
3
4on the average increase in yield strength of flats likely to
be exceeded in 90% of this type of sections.
b) Flexural Behavior of Light Gage Beams. The experi-
mental behavior of 4 compact and 2 slightly non-compact beams
are compared with calculated Moment-Curvature relationships
in Chapter III. The experimental failure moments are compared
with predictions b~sed on Elastic Section Modulus and Plastic
Hinge methods, both considering and neglecting the strengthen-
ing effects of cold-forming, and a design procedure is recom-
mended. Tests of other investigators are also analyzed here,
to include the effects of cold-forming in the theoretical pre-
dictions and to further verify the proposed design method.
c) Behavior of Non-Compact Bi-Symmetrical Light Gage
Columns Concentrically Loaded. Three types of columns of chan-
nel, hat and lipped-hat Gonfigurations were tested. The sec-
tions were designed so that the influence of location of strain-
hardened material on the overall effect of cold-forming for
this type of loading, could be easily detected. The experi-
mental failure loads are compared in Chapter IV with those
predicted by existing theories and the' corresponding Specifica-
tion.
d) Analysis of Honosymmetrical Cold-Formed Columns.
Chapter V presents several original methods and approaches of
varying degree of rigour for analyzing monosymmetrical· columns
with non-homogeneous properties across the section (such as
those produced by cold-forming) under.· ;increasing load.. The
analysis is illustrated with one example, and based on it,
5tentative conclusions on the practical importance of exact
computations for this problem are given.
Finally, Chapter VI offers an overall summary of the con-
clusions reached in the four semi-independent but closely re-
lated topics object of this paper.
II - EFFECT OF COLD-WORK ON FLAT PORTIONS OF COLD-ROLLED SECTION
INTRODUCTION
Cold work of steel sheets involved in the manufacture of
most thin walled steel structural members produces changes in
the mechanical properties of the material. In general, the
yield and ultimate strengths will increase while the ductility
decreases. The magnitude of these changes depends on the
chemical composition and metallurgical history of the virgin
material as well as on the cold work process of the formed
section. Changes are especially large at corners and bends
where large plastic strains are produced. This results in
members which have non-uniform materials properties through-
out the cross-section.
An investigation by Chajes, Britvec and Winter (1) was
intended to provide some fundamental understanding of the
response of ductile carbon sheet and strip steels to the sim-
plest form of cold work. It was concluded that three phenomena
contributed to change the mechanical properties of sheet steelS
strain hardening, the direct and inverse Bauschinger effects,
and strain aging. Their study clarified some of the funda-
mentals but its results cannot be directly applied to the com-
plex cold work of forming which produces plastic deformations
of a flexural as well as a membrane stress nature, not only
in the transverse but also in the longitudinal direction (2).
6
7Karren (3) studied the effects of cold-forming on the
properties of corners of actual formed sections. He arrived
at a semi-empirical equation relating the ratio of corner
yield strength to virgin yield strength. The materials and
geometrical properties needed for the computation are the
ratio of ultimate to yield strengths of the virgin material
which indicates the ability of the material to strain harden
and the sharpness of bend, i.e., the ratio of corner radius to
sheet thickness which is a measure of the amount of cold work
in the corner.
He also studied briefly the extension of corner plastic
strain effects into the adjacent flats and the variation of
tensile and compressive yield strengths and tensile ultimate
strength in flats. He found that in press-braked sections the
change in properties of the flats was negligible at a distance
of one sheet thickness from the edge of the corner. In roll-
formed sections on the other hand, increases in yield strength
of flats, although smaller than for the respective corners,
were still significant being of the order of 17, 23, and 52
percent of the virgin yield strength for a track, channel and
joist chord tested. The average ultimate strengths of the
flats of the same sections were 6, 5, and 10 percent higher
than the corresponding virgin tensile strengths.
Among the several factors which might be responsible for
the change in mechanical properties of cold rolled flats are
three which appear to be especially important. They are the
strain hardening and aging r~sulting from:
81 - Stretcher-straightening of the coil previous to roll-
forming,
2 - Normal pressure of the rolls,
3 - Warping of flats with accompanying shearing strains
during the forming process.
These in turn depend on many conditions such as type of steel,
temperature of coiling, wear of the rolls, skill of the roll
operator, design of the rolls and distance between them, etc.
Because of the number of factors to be considered and the im-
possibility of evaluating them even approximately, it became
apparent that any prediction of the change of properties in
flats of cold rolled sections had to be made on a statistical
basis. This chapter presents the findings of such a statisti-
cal investigation concerning joist chord sections.
MATERIALS
One of the characteristics of Light-Gage roll-formed
sections is the ample variety of shapes which can be produced.
Obviously, the change in properties depends on the amount of
cold work experienced during forming and varies with the type
of section and its degree of compactness or intricacy as
indicated, for example, by the ratio of area of the corners
to total area.
The first part of this investigation was limited there-
fore to the study of a few relatively simple and widely used
commercial shapes. Section 1 was a 6 in. channel of 15 gage
thickness. Sections 2, 3 and 4 were 7 1n.lipped channels of
gages 16, 13 and 12. . : " .",All the channel sections were supplied
9by Manufacturer I. Sections 5 to 12 were joist chords rang-
ing from No. 13 to No.3 gages. The first three were furnish-
ed by Manufacturer IV while sections 9, 10, 11 and 12 were
supplied by Manufacturer III. This company provided also
pieces cut after each stage of forming of section 9. One of
these intermediate sections was tested as section No.8. Dia-
grams of all sections are shown in Fig. 1 and their dimensions
are given in Table 1.
The results of this part of the investigation showed av-
erage increases in yield strength of flats of the channels of
less than 10 percent of the virgin value. The increases in
flats of joist chords on the other hand, ranged from 18 to
54 percent of the virgin yield strength. Since a statistical
study requires testing of a large number of samples of similar
type and because of the limitations of the present investiga-
tion it was decided to concentrate the research on that type
of section which promised larger benefits, i.e., the joist
chords. For this reason, 24 additional joist chord sections
varying in thickness from the 17 to the 4 gages, were studied
in the second part of the investigation. Sections 13 to 18
were furnished by Manufacturer II; sections 19 to 24 were sup-
plied by Manufacturer III, and sections 25 to 36 carne from
Manufacturer IV. All sections were accompanied by correspond-
ing strips of virgin material, i.e., strips cut from locations
adjacent to the formed sections. Sections 13 to 18 and 25 to
36 carne with two pieces of strip each, one cut from the begin-
ning and the other from the end of the coil. Sections 19 to
10
24 were accompanied by three strip pieces, cut from the begin-
ning, the middle and the end of the coil. Unfortunately, no
record was kept of the location of the formed section relative
to the accompanying virgin strips for any of the sections 13
to 36.
The material for all of the above sections, except sec-
tion No.4, was hot-rolled carbon steel strip of structural
quality. Section No.4 was made of a high strength columbium
or vanadium steel. Chemical compositions of some of the mate-
rials used are listed in Table 2.
The following abbreviations concerning the deoxidation
and rolling processes undergone,by each material are used
throughout the p~per.
HR-SK Hot rolled semi-killed steel
HR-R Hot rolled rimmed steel
HR-C Hot rolled capped steel.
The main mechanical properties of the virgin materials
are presented in Table 3. The procedures used in testing
these virgin materials are described below.
TESTING PROCEDURES
Virgin Material
For determination of the mechanical properties of the
virgin materials, three 9 in. long standard tensile specimens
were prepared for each of sections 1 to 12. ·For sections 13
to 36, two similar specimens were cut from each available
strip. Marks 2 inches apart were aeourately scra~ched 9n
the middle portion of" the specimen. ·A Tlnlus-Olsen testing
11
machine with 30,000 lbs. capacity was used for all the tests
reported herein. The specimen was held in the testing machine
by self-aligning grips. An automatic load-strain recorder was
used with a 2 in. gage extensometer. Elongation in 2 inches
was measured with a scale graduated to one hundredth of an
inch.
Two compression specimens, 3 in. long and 0.5 in. wide,
were cut from each virgin strip and tested. They were adjacent
to the tensile specimens. Because of the small thickness of
many of the specimens it was necessary to prevent buckling
while applying the load. This was accomplished by placing
the specimen, after greasing it with petroleum jelly, in a
compression jig made of two serrated I-shaped steel pieces
held together by connecting screws. The dimensions of the
jig were such as to allow mounting of a I in. microformer gage
on the protruding edges of the specimen. The assembled Jig,
specimen, and microformer gage were placed into a subpress to
obtain maximum axiality of loading during testing.
As-formed Material
Flats
To determine the change in mechanical properties across
the section produced by cold forming, at least one tensile
coupon was cut from each flat of half the formed section. Be-
cause of symmetry, it was not considered necessary to take
coupons from the whole. section although this was done in some
of them for checking purposes. Tensile flat coupons were 0.25
in. wide by 10 tn. long strip specimens cut from the cross
12
sections at the locations indicated on Figs. 2 to 19. They
were made narrow and without shoulders in order to obtain the
desired test information at more points between corners than
would be possible if standard width tensile specimens were
used. The specimens were tested with the middle three inches
of length exposed between the self-aligning tension grips.
Very few of these non-standard specimens failed in the jaws
of the grips. Strains were recorded with an automatic micro-
former 2 in. gage and final elongation in 2 inches was mea-
sured.
For seven of the sections, compression specimens of the
same dimensions as indicated for the virgin material, taken as
companion specimens to the corresponding flat coupons, were
tested in the same manner described before for such type of
test.
Corners
In addition to the tests of flats, it was thought of
interest to test in tension the corners of sections 8 to 12,
some of them presenting angles greater than 90°, in order to
compare the experimental values with those predicted by Karren's
formula. The tensile corner specimens were made 16 in. long
to minimize bending and flattening of the corner in the central
portion of the specimen while conducting the test. The nar-
row portion of the specimen was machined to eliminate flat
portions adjacent to the corner as much' as possible. Marks 8
in. apart were inscribed in this narrow section and after fail-
ure the remaining pieces were cut along thes.e marks :fU'1d' weighte4
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to determine the corner area. The inside radii of the corners
were measured visually by use of Lufkin radius gages. To hold
the specimen during testing self-aligning grips were used and
a 2 in. gage length automatic microformer recorded load vs.
strain.
TEST RESULTS AND DISCUSSION
Virgin Material
Average Values
Average tensile and compressive yield strengths (0.2%
offset), tensile ultimate strength and elongation in 2 inches
for all the strips of virgin material are presented in Table 3.
All of the material studied here, with the exception of
the one corresponding to section No.4, had yield strengths
ranging from 36 to 54 kips per square inch. Ultimate strengths
went from 54 to 75 ksi. Ratios of ultimate to yield strengths
ranged from 1.22 to 1.61 for all but two of the sections. The
exceptional values were 1.83 for section No. 32 and 1.72 for
the joist chord tested by Karren which was included in the
table. Average virgin tensile properties for section No.4
were 66.5 ksi for yield strength and 80.7 ksi for ultimate
strength. This gives an ultimate to yield ratio of 1.21.
Average elongations in 2 in. ranged from 25 to 41 percent of
the strain gage length.
Scattering of Mechanical Properties
Karren studied the scattering of mechanical properties
in a modest size (60 in. by 14 1n.) sheet of Virgin steel.
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He found total variations of 18, 18, and 8 percent of the
average values for tensile and compressive yield strengths
and tensile ultimate strength respectively. The correspond-
ing standard deviations were 3, 5, and 2 percent of the arith-
metic means.
If the strips of virgin material used in this investiga-
tion were taken individually, it would be found that the scat-
tering of virgin properties, as measured by the total variation
in specimens from the same strip, ranges from ° to 20, 23, and
18 percent of the average tensile yield, compressive yield and
tensile ultimate strengths respectively (Tables 4, 5, 6 and 7).
Average values for such total variations are in turn, 5.0, 5.0
and 2.3 percent of the arithmetic means. Notice that these
averages show the same characteristics as the total variations
found by Karren, i.e., equal variations for tensile and com-
pressive yield strengths and a variation in ultimate strength
which is slightly less than half that for the yield values.
The maximum values of total variation found here are a little
larger than those given in reference (4) in regard to yield
strengths, and about twice as big as the total variation in
ultimate strength found there. This is not surprising since
Karren studied only one strip of material and the figures re-
ported here are the result of tests on sixty-five strips.
The standard deviations of virgin tensile yield and ulti-
mate strengths are presented in kst 1n Table 3 and as .percent-
age ot the average' virgin values in Table 8. These values
are h1gher for many seetions than those ment1onedbefore.
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This can be explained, at least for sections 13 to 36, by the
fact that values in Tables 3 and 4 are the averages of all the
virgin specimens available for each section, and include the
differences in strength resulting from different locations in
the coil which will be discussed below. The standard devia-
tions in this chapter were computed with respect to general
averages, i.e., averages of the 2 or 3 strips corresponding
to each section, and therefore cannot be compared directly
with the values given by Karren. This had to be done since
as mentioned before, the relative positions in the coil of
the formed sections were unknown. In such circumstances, com-
parison of as-formed strengths with the most general average
virgin values seemed to be justified. Standard deviations
for sections 1 to 12 correspond to one strip each and permit
direct comparison.
Keeping in mind the preceding discu$sion on the scatter-
ing of virgin mechanical properties one should be able to
understand the relative value of the figures indicating amounts
of change in strength and ductility of as-formed sections
which will be discussed later. The significance of the stan-
dard deviation values will be noted then.
It is sufficient here to mention that as shown in Table
8, standard deviations for virgin tensile yield strengths
ranged from 0.4 to 10.9 percent of the average values. Stan-
dard deviations for virgin compressive yield strengths were
1n general lower than for their tensile counterparts as can
be seen in Table 3. The same trend was observed for virgin
16
tensile ultimate strengths, with standard deviations ranging
from 0.4 to 7.6 percent of the average.
Comparison of Tensile and Compressive Yield Strengths
The tensile and compressive yield strengths of all the
virgin materials of this study are compared in the last column
of Table 3. It can be seen that 27 of the 36 ma~erials listed
there showed larger yield strengths in compresssion than in
tension; the compressive strengths ranging from 11 percent
below to 26 percent above the tensile yield values. However,
one should not be mislead by these figures since thirty sec-
tions showed differences between both values less than 5 per-
cent, demonstrating that in most cases the two types o~ yield
strengths are very close to each other. The compressive speci-
mens had an average yield strength 2.7 percent higher than
that of the corresponding tensile specimens. The standard
deviation was 6 percent.
The above results seem to confirm the trend indicated
earlier by Karren (3), that tension tests give conservative
but reasonably close values of compressive yield strength.
Comparison of Results for Strips from Different Location!!
There were 24 sections accompanied by virgin atrips from
both the exterior portion of the. coil, which will. be called
the "beginning" throughout this chapter·, and from the interior
of the coil .. which will be called t;he. "end". In addition ..
virgin strips from the "middle." of theco11w~re: availabl~
for six of these sections. Co~par~son of~esult~ for strips
17
cut from those different locations is presented in Tables 5,
6, and 7.
Table 5 refers to the differences in tensile yield
strengths. Fourteen of the twenty-four materials proved to
be stronger at the end than at the beginning of the coil.
For the other ten, the inverse was true. Taking the average
values of the beginning strip as basis of comparison, the
yield strengths at the end strip went from 19 percent below
to 24 percent above the corresponding values of the strip
from the beginning. The average increase at the end portion
was 1.4 percent.
Table 6 presents the results of compression tests. In
this case, seventeen sections showed larger compressive yield
strengths at the end of the coil than at its beginning. Dif-
ferences between beginning and end strips ranged from 14 per-
cent below to 22 percent above the values obtained from the
beginning strip. The compressive yield strengths were an
average 1.7 percent higher at the end than at the beginning
of the coil.
It should be noted here that many of the compression
specimens were initially crooked since all of them came from
uncoiled strips. It is possible then that the jig used to
avoid buckling of the specimen during loading had taken some
part of the load, in amounts varying with the degree of flat-
ness of each specimen. Therefore, the compressive test re-
sults reported here should be considered less reliable than
those from tensile tests.
18
Finally, the ultimate tensile strengths of twelve sec-
tions of the group were larger at the end than at the begin-
ning. For eleven sections the beginning was stronger than
the end and in one section both ends showed the same average
ultimate strength. The end values differed from those at
the beginning by amounts ranging from 8 percent below to 10
percent above; and averaging 3 percent below the strength of
the beginning strip.
A similar comparison of the six sections for which strips
from the middle of the coil were on hand, shows that in four
of them the tensile and compressive yield strengths as well
as the tensile ultimate strength were smaller for specimens
from the beginning than for those from any end of the coil.
If the above values are compared with those of the beginning
strips, they range from 17 percent below to 1 percent above
the tensile yield strength; from 18 percent below to 2 per-
cent above the compressive yield strength, and from 8 per-
cent below to 1.5 percent above the tensile ultimate strength.
Average values were in turn 6 percent below, 7 percent below
and 2 percent below the corresponding values at the beginning
of the coil. Sections 19 and 23, which were the only rimmed
sections of the group, showed the maximum differences between
beginning and middle of the coil, but this might be only a
coincidence.
The strength values of the middle strip were rather sur-
prisingsince it was expected that the strei1gth' 'of 'the middle
of the colI was somewhere between those of the extremes. The
19
end of the cOil,havlng a" smaller radius than the beginning,
undergoes larger amounts of cold work during the uncoiling
process and consequently should be stronger than any other
portion of the coil. There was little experimental evidence
however, to ensure that this is a definite trend. The begin-
ning of the coil in turn, should be the weakest part of the
coil and logically the middle of the coil should have inter-
mediate strengths.
Because of the small number of specimens tested from
each strip, it is not possible to derive definite conclusions
about the behavior indicated above. It only confirms, once
more, the many factors involved: for example, the counter-
acting effect of possible differences of temperature along
the strip during coiling. The portion of the strip which has
been called the "end", is coiled first when probably it is
still hot. The ~beginning" of the strip is coiled last when
it might have already cooled. Therefore, the "beginning"
might experience larger amounts of cold work during coiling
than the "end" does, even though the latter has a smaller
radius.
As-formed Sections
Variation of Tensile Yield and Ultimate Strengths in
Flats of Cold Rolled Channels
Table 8 summarizes the changes in yield and ultimate
strengths of flats as percentages of the virgin values. Cou-
pons from the simple channel, identified as section No.1,
showed tensile yield strengths ranging from 8."5 percent below
20
to 4 percent above the corresponding virgin value. The
weighted average for the flats of the section was 2 percent
above the virgin tensile yield strength. There was an aver-
age decrease in ultimate strength of the flats equivalent to
8.8 percent of the virgin. The strengths of individual cou-
pons showed decreases between 9.9 and 6.9 percent of the ten-
sile ultimate strength.
The flats of the lipped channels (sections No. 2 and 3)
averaged 3.8 and 9.3 percent above the virgin tensile yield
strengths respectively. Corresponding increases in ultimate
strength were 3.6 and 6.2 percent of' the virgin values. Since
sections 2 and 3 were ident1cal in all dimensions except
thickness, the above figures seem to indicate that the thick-
er the section the greater will be the benefit resulting from
cold work. This was observed also by Karren (4) although a
direct comparison could not be made then because of differ-
ences in the shapes of those sections.
Section 4, also a lipped channel, in contrast showed,
average decreases of 4.6 and 4.4 percent with respect to the
virgin tensile yield and ultimate strengths. Extreme values
for individual coupons were 12.2 percent below and 4.8 percent
above for the yield; 5.8 and 1.9 percent below for. t~e ulti-
mate. Section 4 had the same overall dimensions as sections
. .
2 and 3, and being thicker than any of them should show an
, ",; "
even high.er increase.. in stre.ng~h .propertiea than t.hose round
for such sections.
~. \ . . Since th1s ~as not the case it becomes
-. ('f ' ~ : "', .
apparent that the cont~aAt1ng behavior between these three
• 0.',"' .•> " [•• f- '.. 0... '
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sections is due to the difference in materials; the high
strength columbium or vanadium steel of section 4 being at
least unaffected, if not detrimentally influenced by cold-
work.
Figures 2 and 3 show the variation of tensile yield and
ultimate strengths across the sections of these channels.
Variation of Tensile Yield and Ultimate Strengths in
Flats of Cold Rolled Joist Chords
General -- As mentioned before, one of the reasons to
concentrate this investigation on the study of Joist Chord
sections was the significant increase in strength of the
flats of this type of section, resulting from cold work.
With the exception of section 26, which showed average de-
creases of 9 and 11 percent of the virgin values in tensile
yield and ultimate strengths, 31 of the 32 joist chords of
Table 8 experienced average increases ranging from 2 to 54
percent of the virgin yield strength and from an average de-
crease of 14 to an average increase of 16 percent of the
virgin ultimate strength.
With the same exception, above, changes in individual
coupons ranged from 13 percent below to 96 percent above of
the virgin tensile yield strength and from 17 percent below
to 34 percent above the virgin ultimate.
Figures 4 to 19 show the variation of yield and ultimate
strengths across the joist chord sections. Notice that for
all the sections the flat portions at the bottom of the hat
is the strongest of all the flat portions, with yield strengths
22
ranging from 11 to 96 percent above the virgin value. Al-
though drawings of the successive pairs of rolls used in the
forming of typical sections furnished by two companies do
not show any bending at such location, the pieces of as-
formed material cut between successive rolls which were sup-
plied by the third one, do show that there is bending of the
bottom of the hat which is flattened out only in the last
stages of forming. Direct observation of the rolling process
at one of the mills from which drawings were available showed
that the same bending occurred just before the strip entered
.. ".
the regular set of forming rolls.
It can be observed in Figures 6 to 8 that the yield and
ultimate s~rengths of the bottom flats of the Manufacturer
III - A sections were even higher than those of the correspond-
ing corners. Since the bending experienced by the corners is
undoubtedly more severe than that experienced by the bottom
flat, it is clear that the higher strength at the latter
location is due to other causes, mainly a larger normal pres-
sure of the rolls. The increases in yield and ultimate
strengths at the bottom flats of the other joist chords were
somewhat smaller than those for the Manufacturer III - A sec-
tions. Assuming that the tolerance in nominal radii of the
corners is kept small, the predicted yield strength of the
corners of the other sections, found by Karren's formula,
will be higher than the yield strength of any of the,fla.ts
as can be seen on Figures 9 to 19.
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Another interesting feature is that for half of the sec-
tions the vertical webs (or sides of the hat) showed the mini-
mum increase in strength in the section. For nine of the re-
maining sixteen sections, the yield and ultimate strengths of
the webs were approximately equal to those of the unstiffened
flanges, while for the other seven the strength values of the
webs ranged between those of the upper flanges and those of
the bottom of the hat. It seems that there is a definite cor-
relation between the thickness of the material and the above
behavior of the webs. Grouping the sections by manufacturer
one can observe that the webs of three Manufacturer II sections
(gages 8, 12, and 13) show lower strength than other flats,
while two sections (gages 8 and 11) show equal strength and
one section (gage 6) show an intermediate value. For the
Manufacturer III - A sections, the three with lower strength
in the webs were made of gages 12, 13, and 17, while the two
showing equal strength to the unstiffened flanges were of 9
and 11 gage thickness. None of this type of sections showed
intermediate strength in the webs. The Manufacturer III - B
sections were thicker than most of the other sections. Only
one of this type (gage 13) showed lower strength in the web
while all the other four (gages 4, 7, 8, and 11) showed an
intermediate web strength. Corresponding figures for the
Manufacturer IV sections are in the three cases: eight sec-
tions (gages 7, 8, 8, 9, 9, 11, 12 and 12) with lower; five
sections (gages 5, 5, 6, 8 and 11) with equal, and two sec-
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tions (gages 3 and 4) with a web strength intermediate between
those of the other flats.
It is interesting to observe the effect of the width of
unstiffened flanges upon the strength of the web. Sections
15 and 16 are produced by the same manufacturer from the same
type and gage of steel. However, section 16 experienced a
larger .increase 1n strength of the web than section 15 did.
This resulted in an average increase in the yield strength
of the flats of the first section of 26 percent against:only
16 percent for the second. Since the material was practical-
ly the same and the sections presumably were formed with the
same set of rolls, the above results seem to indicate that
the wider flanges offer more restraint than the narrow ones
and consequently, in order to obtain the same shape, the
pressure, of the rolls has to be increased. The same conclu-
sion is reached after analyzing the results of the Manufac-
turer IV sections. Although section 36 (gage 7) has a lower
yield strength in the web, this might be explained because of
its small width of 3.58 in. Sections 27 and 30 (gage 8), 3.56
In. and 4.56 in. wide, are also classified as having a weaker
web while section 6, having the same thickness but being 4.56
in. wide showed the same strength for web and flanges. Sec-
tion 30 actually had only slightly les$ strength ~n the web
than in the flanges, which ~lght be due to natural 'scattering
of virgin properties. Comparing now s~ctions .34 an~,26. both
of them of gage 11 but 2.79 in. and 3.53 in. wide respective-
ly. it is seen that in the first one the web is the weakest
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portion of the section, while in the last one the web is as
strong as other flats.
A designer trying to obtain maximum advantage of cold-
work faces thus two possibilities: one is to use a thick
gage, the other is to have a large width. Since the area
is determined by the required strength and is practically
-fixed, the two possibilities mentioned above oppose each
other. However, further investigation might indicate which
combinations of thickness and section width will lead to an
optimum design, in regard to obtaining the most benefit from
cold work.
A main concern of this investigation was to find adequate
parameters to correlate material or geometrical properties
of the sections with the effects of cold work upon them. It
is convenient for this purpose to group the specimens by man-
ufacturer, and this is done in Table 9.
Manufacturer II Sections. - Three different sets of rolls
are used to shape the eleven joist chord sections produced by
Manufacturer II, depending on the gage thickness. The mate-
rials of the six sections studied here were of the same type:
hot rolled semi-killed, and had similar mechanical properties,
with yield strengths between 40 and 48 ksi and ratios of ulti-
mate to yield strengths between 1.47 and 1.59. Comparison
of these sections was therefore, relatively free of the in-
fluence of different forming histories and material properties.
Taking into account the findings of other investigators, at-
tention-was con~entrated on four parameters: gage thickness,
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blank width, virgin yield strength and ratio of virgin ulti-
mate to yield strengths.
The data suggest, although very subtly sometimes, the
following trends: greater benefit from cold work will be ob-
tained in the flats the thicker the gage, the wider the blank
width, the smaller the yield strength and the larger the vir-
gin ultimate to yield strengths ratio are. The exact relation-
ships between the above quantities and the increase in yield
strength are not clearly indicated but the directions of the
trends are evident by comparing for example sections 15 and
16 both of the same thickness and ultimate to yield ratio.
Section 16 has a larger width (6.44 vs. 5.18 in.) and a some-
what smaller yield strength (42.0 vs. 42.8 ksi) than section
15. The two factors combined give to the flats of section 16
an increase over virgin strength of 26.3 percent while the
increase for section 15 only averages 15.6 percent. Section
14, being relatively thin, benefits from a large width and
low yield strength while section 17, although the thickest
and widest of this group is handicapped by high yield strength
and low ultimate to yield ratio. Finally, section 18 combines
adversely all the factors. It has the lowest thickness,
blank width and ultimate to yield ratio and the highest yield
strength of the ManUfacturer II sections. No wonder then,
that its flats developed an average increase in yield strength
of only 2.9 percent.
The ultimate strengths of flats decreased rather than
increased. Variations with respect to the virgin values ranged
27
from 13.7 percent below to 3.7 percent above, but the amounts
of change did not follow the same order as the yield strengths
and their relation to the parameters mentioned above could
not be detected.
Manufacturer III - A Sections. - One of the Manufacturer
III - A sections (No. 19) was made of a hot rolled rimmed
steel, while the other four were made of hot rolled semi-
killed steels. Virgin yield strengths ranged from 36 to 45
ksi and virgin ultimate to yield strength ratios from 1.35 to
1.61. Increases in average yield strength of the flats varied
from 20.5 to 54.3 percent of the virgin, with the exception
of section 19 which only reached an average of 1.7 percent.
The high average increases in these sections are a consequence
of the higher amount of cold work involved in their manufac-
ture. The different behavior of section 19 might be due to
the different kind of steel (i.e. rimmed) and the very small
thickness.
The same trends found for the Manufacturer II sections
were encountered here and more clearly defined. If the sec-
tions are arranged in decreasing order of yield strength, for
example, they show an increasing order of gain of strength.
Arrangements by increasing thickness and increasing blank
width coincide, but slightly disagree with the order of cold
work benefit. Some discrepancy is also found with the order
of ultimate to yield ratios." This only shows that the final
result will depend on the relative influence of each factor.
This is exemplified by section 9 which having smaller thick-
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ness and width thari either sections 11 or 12 showed an in-
crease of 54.3 percent against 36.8 and 38.1 percent mani-
fested by the last sections. The decisive factor in this
case is to have the lowest yield strength of the group com-
bined with the second highest ultimate to yield ratio.
Gains in ultimate strength were obtained in four of the
five sections ranging from 2.1 to 15.9 percent of the virgin
ultimate. Section 10 showed a decrease of 1.5 percent. Per-
centages of gain in ultimate strength practically followed
the same order as the percentages of gain in yield strength.
Manufacturer III - B Sections. - Comparison of this type
of sections was complicated by the fact that the five hot
rolled steels used in their manufacture were deoxid1ed in a
different manner, being classified accordingly as rimmed,
capped and semi-killed steels. Virgin yield strengths of
this group varied from 36 to 48 ksi, with ultimate to yield
ratios between 1.22 and 1.59. Average increases in yield
strength of flats ranged from 14.1 to 41.3 percent of the
virgin values and the average ultimate strengths increased
by amounts between 2.1 and 11.9 percent.
If the section 23, the only rimmed steel of the group,
is not considered, the remaining four sections confirm almost
perfectly the trends mentioned earlier. When they are ar-
rang~d in increasing percentage of benefit, which coincides
for yield and ultimate strengths, the resulting order is the
same as that of increasing thicknesses, decreasing yield
strengths and increasing ultimate to yield ratios. The 'order
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of increasing blank widths slightly differ from this arrange-
ment. Section 23 does not fit into the picture. This and
the behavior of section 19 mentioned before, might indicate
that rimmed steels are not apt to benefit from cold work as
much as capped or semi-killed steels do. A definite conclusion
cannot be reached however, until more experimental evidence
becomes available eliminating other factors and leaving only
the kind of steel as a variable.
Manufacturer IV Sections. - The largest group of the
series consisted of fifteen hot rolled rimmed Manufacturer IV
sections. Yield strengths 'of the virgin materials varied from
36 to 49 ksi and the ratios of ultimate to yield strengths
from 1.31 to 1.83. With the exception of section 26, the
other fourteen specimens showed average increases in the yield
strength of flats between 18 and 39 percent of the virgin val-
ues. Section 26 showed instead a decrease of 9 percent in
yield strength. Twelve of the sections showed increases in
ultimate strength ranging from 0.4 to 10.0 percent of the
virgin ultimate strength. The other three sections showed de-
creases from 2.4 to 10.6 percent of the virgin.
When the sections are arranged in order of increasing
yield strength, such arrangement does not coincide with the
order of change in ultimate strength. Three blank widths are
found in these sections: 4.25, 5.00, and 6.00 inches. The
four factors considered before combine 1n a manner such as
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to make difficult the detection of any trend. However, if
the sections are grouped by blank widths their behavior can
be explained by the trends already found for the sections of
the other manufacturers.
The behavior of section 26 was so different from the
other sections in the group that duplicate tests were run to
check the results first obtained. Values of tensile yield
and ultimate strength of flats in the second tests practical-
ly coincided with those of the first tests (Fig. 14). Avera~
virgin strengths were somewhat lower in the second series.
Differences between both series of tests however, were always
less than 3 percent. Chemical compositions of two coupons:
one from the virgin material and the other from the as-formed
section were also studied. Discrepancies between both cou-
pons were small except for the sulphur content which was 25
percent higher for the formed than for the virgin coupons.
Comparison with chemical analyses of the materials of other
sections (Table 1) show that the carbon content of section 26,
0.10, is the lowest of all the carbon contents in that Table
except for the section tested by Karren. The manganese con-
tent was also rather low. Unfortunately, chemical analyses
of the other Manufacturer IV sections were not available to
permit a better comparison and so, conclusions about the in-
fluence of chemistry on the response of the material to cold
work cannot be derived.
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Comparison of Tensile' and Compressive Yield Strengths of
Flats
The tensile and compressive yield strengths of companion
coupons taken from the flats" of nine sections are presented in
Table 10. If average values of the flats tested from each sec-
tion are taken it is found that the ratios of compressive to
tensile yield strengths range from 0.99 to 1.11 with an average
. of 1.036. This confirms what had been 'found for the virgin
materials, i.e., that compression tests'give higher yield
strengths than those obtained from tensile tests. When com-
pared with the virgin yield strengths the average percentages
of change of compressive and tensile coupons from the same sec-
tion differ as much as 8., percent. Average increase in ten-
sile yield strength was 19.8 percent of the virgin tensile
while the average increase in compressive yield strengths was
21.5 percent of the virgin compressive yield strength. The
figures that will be given later in the statistical analysis
refer to percentages of increase in ten~ile yield strengths~
The differences between percentages of increase for both types
of test found above should'be kept in mind when attempting to
use those statistical values.
Variation of Tensile Yield and Ultimate Strensths Across
the Section at Different Stages of Forming
It was mentioned before that twelve pieces showing the
successive stages otformlng a Mariu~acturer III - A section
were:aval1able •. At the eight stage the shape of the section
is 'very' $lin11a:r tothat'ot the joist chords of other manurac-
32
turers and it was thought of interest to compare the yield
and ultimate strengths at this stage with those at stage 12
when the final shape is obtained. Since both pieces came from
the same strip and were very close to each other, the differ-
ences found in their strength properties are the result only
of scattering in virgin properties and different amounts of
cold work.
Graphical comparison or both stages is made on Figure 6,
where stage 8 is called section 8 and section 9 corresponds to
stage 12. Interpolation from Figure 6-a has been used when
necessary to compare values at the same location. It can be
seen that the variation across the section has similar shapes
in both cases. The yield strengths of section 9 however, are
from 1.4 to 34.5 percent higher than those of section 8, and
the ultimate strengths of the former range trom 0.2 to 18.8
percent higher than those ot the latter. When compared with
the virgin yield and ultimate strengths, the average increases
at stage 8 are 34.1 and 10.1 percent respectively against 54.3
and 15.9 percent at stage 12. These values clearly illustrate
the large benefit that can be obtained from cold work by using
a few additional rolls.
Deorease in Ductility of Cold-Rolled Channels and Jois~
Chords
The increase in yield and ultimate strengths caused by
cold work is accompanied by a decrease in ductility. Extreme
and average values or such decrease for the flats of all the
. .
sections. are listed in Table 11. Percentage elo~gat1ons 1n·2
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in. for individual coupon,s varied from 10 to 30.5 percent for
the channels and from 7.5 to 36 percent for the joist chords
if section 26 is not considered. Weighted averages of all the
flats in each section ranged from 23.5 to 29.5 percent for the
channels and from 14.1 to 29.8 percent for the joist chords.
Ratios of these average values to the percentage elongations
of the corresponding virgin strips range from 0.75 to 0.99~
with an average of 0.85 for the channels and from 0.42 to 0.93,
with an average of 0.67 for the joist. chords. Sect;1.on 26 was
the exception showing an inorease in average ductility rather
than a deorease. The ratiQ of average percentage elongation
in .the formed flats to the virgin value was 1.08. The dupli-
cate test, section 26A, did not show any change in ductility,
giving a value of 1.00 for the above ratio.
It has been· found then that the reduction in ductility
of the flats may be as large as 58 percent of the virgin
elongation. Average elongations of the whole sections might
be smaller than the values given before since the ductility
of tl',e corners will be smaller than that of the flats. How-
ever, it is believed that the difference will not be too big,
especially for sections with low area .of corners to total area
ratios.
Comparison of Experimental' and Predicted Corner Tensile
Yield Strengths
Since :the' 'ultiriJateand yield strengths of the virgin mate-
rials were known, it was possible to compute the yield strength
of co~ners by using Karren's formula as given in reference 3.
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This ·was done for all the sections, with measured values of
corner radii for sections 1 to 12 and with nominal values tor
the radii of the other sections.
The theoretical values obtained for sections 8 to 12
were compared with the results of tests of the corners of such
sections. The purpose was to compare the experimental yield
strengths of some corners of sections 9 to 12, which involved
angles of about 120°, with the yield strengths predicted by a
formula which was derived from tests of 90° corners. At the
same time, direct comparison could be made between experiment~
strength values of 90° corners and greater angle corners of
the same section. The results are presented in Table 12. In-
side radius to thickness ratios ranged from 1.2 to 5.5. The
ratios of predicted to experimental yield strengths of 90°
corners ranged from 0.98 to 1.19, with an average of 1.07.
The same ratios for 120° corners varied from 0.97 to 1.16,
with an average of 1.08. Karren's formula therefore, applies
equally well to 90° and 120° corners. It was observed that
in many cases the radii were not constant all across the cor-
ners, but increased toward the edges. The flatter portions
of the corners thus experienced less cold work than the mid-
dle portion) contrary to the assumption involved in the deri-
vation of the Karren formula. Since the computations were
performed by using the radii at the center portion of the cor-
ners it is logical that the computed values would be slightlY
larger than the experimental ones.
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STATISTICAL ANALYSIS OF RESULTS
Reliability of Statistical Data
It was clearly stated before that the effects of cold
work upon the strength of the as-formed section depend on many
factors: steel composition and metallurgy, forming stages,
wear of the rolls, skill of the roll operator, etc. A com-
plete statistical investigation would require a very large
number of samples, with duplicate sections produced at differ-
ent times, specimens cut from different locations along the
coil, duplicate coupons from the same section, etc. However,
this being out of the reach of this investigation, there are
some measurements and data which will help to form an idea of
the degree of reliability that might be given to the figures
discussed throughout this chapter. These are the standard
deviations of virgin properties and strength comparisons of
symmetrically located portions of cross-sections, of identi-
cal sections produced at different times, and of duplicate
sp~ctmens taken from the same section.
:31gnificance. of Standard Deviations
The percentages of change in yield and ultimate strengths
rSGorted here have been taken with respect to average va~ues
of those properti~s for the virgin material. The question
the~ arises of how representative are those average virgin
strengths, so that an estimate can be made of what proportion
of the 1ncr~ase m1ght be due only to natural scattering of vir-
gin propert1e,s, leaving ,the remainder as undoubtedly produced
. by cold work. It 1s 1n th1s sense that the standard deviations
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are useful. Assuming that the mechanical properties of vir-
gin material follow a normal distribution, the probability
for a measurement to fall within one standard deviation of·
the mean is about 68 percent; the probability that it will
fall within two standard deviations is about 95 percent, and
the probability that it will be farther away from the mean
than three standard deviations is only 0.3 percent. It can
be concluded then that changes in strength properties exceed-
ing three standard deviations are definitely the result of
cold work. To facilitate comparisons, the standard devia~ions
of virgin materials in percentages of the mean strengths are
included in Table 8. Reasons for the relatively large stan-
dard deviations presented there were given before in the dis-
cussion of the scattering of mechanical properties of the vir-
gin materials.
Comparison of Strengths at Symmetrical Locations of th!
Same Section
Symmetrical locations of any section should experience
nearly equal amounts of cold work and therefore their increasel
in strength should be nearly equal. Because of this, coupons
of only half of the section were tested in all but seven cases,
and equality of strengths at symmetrical locations was assumed
in obtaining the weighted average increases of mechanical
properties of flats and the frequency distributions that will
be discussed below.
The results of the seven specimens tested all across the ..
section permits one to check the validity ot. the above assumP'
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tion. The degree of symmetry of the variation of tensile
yield and ultimate strengths across the' section can be esti-
mated graphically from Figures 5, 8, 9, 10, 13 and 17. Nu-
merical comparison is made 1n Table 10.
Considering individual coupons, the ratios between ten-
sile yield strength at one side of the section and their
counterparts at symmetrical locations ranged from 0.935 to
1.070~ Average values of those ratios for each section varied
from 0.966 to 1.0~~ with a total average of '0.992. Correspond-
ing values for compression yield strengths are 0.898 and 1.069
for individual coupons if one section is eliminated because
of poor reliability of one' compression test. Average values
for each section ranged from 0.958 to 1.047·with a total aver-
age of 1.008. Comparing now ultimate strengths of individual
coupons, the values at one side divided by the corresponding
symmetrical values varied from 0.922 to 1.041. The average
ratios for each section went from 0.948 to 1.035 and the total
average was 0.993.
It is concluded therefore, that values of strength at
symmetrical locations of the same section are very close,
with maximum differences of about 10 percent. Average values
for each sedtion, ho~ever, differ only by less than 5 percent
and the overall averages of ratios of strength between both
sides of the sections differ from unity by less than 0.01.
Comparison of Identical Sections
By studying identical sections produced at intervals of
several months, basic differences in forming history are
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eliminated and tne only variables left are differences in vir-
gin material properties, wear of the rolls and skill of the
roll operator. Two pairs of sections studied were nominally
identical with each other: sections 5 and 33, 6 and 30. While
sections 5 and 6 were received in March 1966, sections 33 and
30 arrived in May 1967.
Section 5 had a virgin tensile yield strength of 48.6
ksi and a virgin ultimate to yield strength ratio of 1.45.
Corresponqing figures for section 33 were 42.6 ksi and 1.41.
P~rcentages of increase in strength with respect to the virgin
properties differ for homologous coupons of both sections by
as much as 9.2 ~ercent of the virgin yield strength and 5.8
percent of the virgin ultimate strength. However, average in-
creases for all the flats in the section are very close: 24.1
and 23.5 percent of the virgin yield, 2.4 and 0.6 percent of
the virgin ultimate. .The first values correspond. to section 5
and the others to section 33~ The shape of variation of
strength across the section is also similar as can be seen froro
Figures 4 and 18.
The virgin tensile yield strength of sections 6 and 30
was 42.2 ksi but their ultimate strengths were different giving
ratios of ultimate to yield equal to 1.40 and 1.61 respective-
ly. Differences between percentages of change of homologouS
points of these sections were larger than for sections 5 and
33, reaching values as high as 10.4 nercent of the virgin
yield stre~gth and 18.1 percent of the virgin ultimate strength.
Average increases of all the flats of the whole section are
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25.5 and 22.6 percent of the virgin yield strength for sections
6 and 30 respectively. The average percentage of change in
ultimate strength however, is very different for both sections;
section 6 showing an increase of 7 percent of the virgin ulti-
mate strength while section 30 shows a decrease of 7 percent
below the corresponding virgin value. The shapes of variation
of yield strength across the sectipn are similar for both
specimens (Figs. 4 and 16). The variation patterns of ulti-
mate strengths show ~ smaller degree of resemblance.
The results for this pair of sections is rather surprising
since both sections had the same virgin yield strength and sec-
tion 30, having a higher ultimate to yield ratio, should bene-
fit more from the same amount of cold work. The only explana-
tion is that the wear of the rolls was larger and/or the pres-
sure applied on them by the roll operator was lower for section
30 than for section 5. This illu$trates once more, the com-
plexity of the factors involved which prevents the development
of theoretical solutions.
Effects of Cold Forming on Yield and Ultimate Strensths of
Joist Chord Flats
General
A maj~r goal in a statistical investigation is to cor-
relate the experimental data with one or more parameters in
some type of equation. Unfortunately, although qualitative
correlation with some parameters arbitrarily chosen could be
d~tected as d1scuss&d before; 1twas impossible to evaluate "
"them quantitat1vely~" On:'"·the otber hand, the manytactors 1n-
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volved preclude the attempt of a theoretical approach. In
such circumstances it is only possible to study the frequency
distributions and cumulative frequency curves of the experi-
mental data in order to find values of increase in virgin
strengths likely, for instance, to be exceeded in 90 percent
of the cases.
Effects on Yield Stren5th
Considering all the sections studied here as a single
group, the resulting frequency distribution and cumulative
frequency curve of percentages of increase in yield strength
of individual coupons are those presented on Figures 20-a
and 21~ where a class interval of 5 percent has been chosen.
Figure 20-a shows that the highest frequency occurred for an
increase of about 20 percent of the virgin yield strength.
Figure 21 indicates that 90 percent of the coupons obtained
increases in yield strength larger than about 8 percent of
the virgin value.
Considering now the weighted average increases in yield
strengths of the flats of each section, the corresponding .
curves presented on Figures 23-a and 24-a are obtained. The
highest frequency of average increase corresponds to about 25
percent of the virgin yield strength, with 90 percent of the
sections showing increases larger than about 8 percent of the
corresponding Virgin yield strength.
The ninety percent probability values given above are sa
low that they hav~ 11ttle economical sign1ficance. It'is lOg1-
.cal however, that, some discrimination should., be made among the
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sections based on kind of steel, type of section and/or any
other suitable parameter.
Recalling that in the first part of the investigation
(Ref. 1) it had been found that the aging characteristics of
the material had a strong influence on the change of properties
produced by cold work, a series of tests involving seven sec-
tions which showed the minimum and maximum increases in yield
strength of each manufacturer group were carried out. Strips
2 in. wide and 20 in. long were cut from the corresponding vir-
gin materials and lines 10 in. apart were inscribed on them.
The strips were then elongated until a strain of 50 mils (0.05
in./in.) was reached. Standard 9 in. tensile coupons were cut
afterwards from adjacent locations at the middle of the, pre-
stretched strip. One of the coupons was then artificially
aged by boiling it in water at 1000 C., for 30 minutes. Sub-
sequently, both coupons were tested to failure and the tensile
load-strain curves obtained with an automatic recorder were
compared. All but one of the materials tested showed aging
characteristics in varying degrees, but no correlation could
be found between the aging properties and the amounts of change
in strength in the flats of the corresponding formed sections.
If the sections are grouped by deoxidizing process, with
the semi-killed and capped sections together, it is observed
that a common characteristic of the sections which get less
benefit from cold work, say less than 15 percent of the virgin
yield strength is to have an area less than 0.5 1n2 • The
group of rimmed sections showed two exceptions: section 26,
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whose strength properties decreased, had an area of 0.59 in I
and the duplicate sections 5 and 3} showed increases of about
24 percent in yield strength although having a nominal area
of only 0.41 in2 • Rimmed steels are therefore more erratic
than other kinds of steel, showing in some cases unexpected
decreases in yield strength while in others increases larger
than expected were obtained. This limiting area parameter
might look surprising at first sight. However, if it is re-
called that the thickness and width of the strip showed a
definite correlation with the magnitude of change in strength
it might be concluded that these two parameters are combined
in these particular sections in a manner such as to result
in a limiting area.
The area was chosen as limiting factor in preference to
either gage thickness or blank width since by doing so the
largest number of undesirable sections are eliminated while
all but one of the desirable ones remain. Section 26, the
only undesirable section kept in the group, showed such a
contrasting behavior with the other sections that se~eral at-
tempts were made to isolate it. However, neither duplicate
tests nor chemical analyses mentioned before gave a valid
reason to eliminate it and therefore the statistical figureS
presented below have been handicapped by its presence.
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Eliminating then all sections with area less than 0.5 1n
the histograms and cumulative frequenoy. cut-ves of Figures .20-bl
22, 23-b and 24-b are obtained. Figures 20-b and 22corresponi
to individual coupons a.nd show ,that the most f%tequent percent--
age of increase in yield strength was about 20 percent and
that there is a 90 percent probability that a tensile coupon
will reach an increase in yield strength larger than about 12
percent of the virgin value. Figures 23-b and 24-b refer to
average increases in yield strength of all the flats in each
section. The highest frequency was reached for about 25 per-
cent of increase, and ninety percent of the sections obtained
as a result of cold work average increases in yield strength
of the flats alone larger than about 19 percent of the virgin
strength.
It is emphasized again that the limit in area stated
herein might be valid only for these manufacturers and these
types of sections. General practice, at least at one of the
companies, is to produce sections of various thicknesses in
the same set of rolls. The equipment has then to be designed
according to the requirements of the heaviest gage to be used
and presumably the thinner sections experience less pressure
from the rolls than the heavier ones do. If the equipment is
designed to run only the thinnest section according to its
own requirements however, it is very probably that even the
small thickness sections would experience considerable benefit
from cold work.
Effects on Ultimate Strength
Frequency distributions and cumulative frequency curves
of the change in ultimate strength of flats appear on Figures
25 to 29, where a 2 percent class interval has been chosen.
Considering all the sections as a single group (Figs. 25-a, 26,
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28-a and 29-a) the most repeated change in individual coupons
is an increase of about 2 percent, and ten percent of the spe~J.'
mens experienced decreases larger than 8 percent of the virgin
ultimate strength.
The highest frequency for the average change in all the
flats of each section corresponds to about 2 percent with ten
percent of the sections obtaining average decreases larger th~
9 percent of the virgin ultimate strength.
Limiting the sections again to those with an area g~eater
than or equal to 0.5 in2 , the distributions of Figures 25-b,
27, 28-b and 29-b are obtained. The highest frequency percen~
age of change of individual coupons remains the same but the
ninety percent probability value increases to -5.5 percent.
Corresponding figures of average change in the section are 6
percent for the highest frequency and -7 percent for the ninety
percent probability.
It must be concluded then that although many sections eX-
perience increases in ultimate strength, still a relatively
large number of them are adversely affected in this aspect by
cold work. There is a 90% probability, however, that the aver-
age reduction 1n ultimate strength does not exceed 1 percent
of the virgin value. Since all sections show larger increases
in yield strength than in ultimate strength, there is a marked




The test results on flat portions of cold rolled chan-
nels and joist chords have been presented and are summarized
as follows:
(1) The changes in strength of the non-compact channel
flats were relatively unimportant.
(2) Average strength increases in joist chord flats, how-
ever, reached as much as 54 percent of the virgin yield strength.
(3) Test results confirmed Karren's formula for predict-
ing the yield strength of cold formed corners for 120 0 as well
as 90° angles, for R/t values from 1.2 to 5.5.
(4) The experimental data makes evident the complexity
of factors involved which precludes the development of theoret-
ical predictions of changes in yield strength of flats. The
qualitative influence of some geometrical and material proper-
ties parameters could be detected but quantitative correlation
between them and the test results could not be found.
(5) The greatest benefit from cold work will be obtained
by using thick gages and steels with low yield strengths and
large ultimate to yield strengths ratios. In addition, sec-
tions like the joist chords, whose overall depths and inside
dimensions of the hat vary little, leave as main geometrical
variables the thickness and flange width; such sections will
benefit more the larger the blank width is. Since thickness
and blank width counteract each other in design, fairly de-
tailed investigation may be worthwhile when new shapes are
developed to indicate their best combination in order to obtain
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an optimum design.
(6) High strength low-alloy steels may respond less to
cold-working in that their yield and ultimate strengths may
actually decrease slightly as a result of forming.
(7) Rimmed steels are of a more erratic nature than
other kinds, showing in some cases unexpected decreases in
yield strength while obtaining in others increases larger than
expected. They might benefit less from cold work than either
capped or semi-killed steels but more tests would be needed
before attempting definite conclusions.
(8) The reduction in ductility of the flats of joist
chords may be as large as 58 percent of the virgin el~ngation,
The ductility of the whole section will be reduced even more
when corners are included. However, ductilities after forming
still appear to be adequate structurally. Only four out of
thirty-six specimens showed elongations of less than 10 per-
cent, the l.west value being 7.5 percent. An ongoing inves-
tigation seems to indicate that these values are still ample
for essentially static service.
(9) Although flats of many sections experienced increaseS
in ultimate strength as a result of cold work, a significant
number showed decreases in that property. There is a ninety
percent probability, however, that the average reduction in
ultimate strength of the flats does not exceed 7 percent of
the virgin value. This figure might be even smaller when the
whole section is c~nsidered,: since 'the ~orners experience in
general, larger increases in ultim~te strength than the flats
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do. No correlation could be found between changes in ultimate
strength and the parameters affecting the increase in yield
strength. Since percentages of increase are larger for yield
than for ultimate strengths the spread between these two prop-
erties decreases.
(10) There is a wide scattering in virgin properties,
especially between beginning, middle and end of the coil, which
complicates the analysis of percentages of change from virgin
strengths. Taking the average values at the beginning of the
strip as basis of comparison, the virgin yield strengths at
the end of the strip were from 19 percent below to 24 percent
above the corresponding values at the beginning. The average
increases at the end portion was 1.4 percent. Differences in
virgin ultimate strength ranged from 8 percent below to 10
percent above, with an average of 3 percent lower at the end
than at the beginning.
(11) The most repeated weighted average percentage of
increase in yield strength of flats of all the Joist chords
studied herein was about 25 percent with a ninety percent prob-
ability of being larger than 8 percent of the virgin yield.
Corresponding figures for change in ultimate strength were an
increase of 2 percent and a decrease of 9 percent of the vir-
gin ultimate.
(12) Thickness and blank widths of these Joist sections
can be combined in such a manner that by establishing a limit-
2ing cross-sectional area of 0.5 in all but one of the sections
showing less than 15 percent increase in yield strength are
eliminated. The ninety percent probability values for the
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remaining sections are then: an increase of 19 percent of the
virgin yield strength and a decrease of about 7 percent of t~
virgin ultimate strength of flats.
(13) It is emphasized that the above values may be valid
only for the manufacturers and types of sections covered by
this chapter.
(14) If one attempts to obtain a safe estimate for ef-
fects of cold work without actual testing, then for non-compact
sections such as Figs.l a and b, the virgin properties for the
plate should be uS3d in calculating whole-section strength
properties. For compact sections such as Figs.l c, d, and e,
it seems reasonable without testing t6 assume a 10 percent 1~
crease in yield strength and an 8 percent decrease in ultimate
strength of flats.
(15) It is considered that the results presented in thiS
chapter indicate the advantace for each manufacturer of per-
forming more complete statistical investigations of his own
products. This would result in greater· and more rational bene·
fits of utilizing the strengthening ~ffects of cold for.ing.
III - EFFECT OF COLD FORMING ON THE BEHAVIOR OF LIGHT-GAGE STEEL
BEArlS
.INTRODUCTION
Knowing the distribution of strength across the section,
it is possible to predict the structural behavior of cold
formed members (5). This chapter pr~sents a comparison be-
tween predicted and experimental flexural behavior of some
compact light gage beams.
It was mentioned in the preceding chapter that the in-
crease in yield strength of corners can be easily predicted
by knowing the ultimate and yield strengths of the virgin
material and the sharpness of the bend (3, 4). Unfortunately,
no method has been developed to predict the as-formed strength
of flats. While this is not important in press-braked.,sec-
tions since the effects of cold work in such type of forming
are nil or very small at a short distance from the corner,
the increase in yield strength of cold rolled flats may be
considerably large (5, 6). Testing of flat coupons becomes
necessary if such increase is to be used to full advantage.
FLEXURAL STRENGTH
General
There are two required conditions for a loaded beam to
be in equilibrium; the first is that the net stress across
the section should be zero, i.e.,
49
50
1 cr dA = 0A (1)
and the second is that the moment of the internal forces
should be equal to the applied external Moment:
1 cr Y dA = MA (2)
Therefore, the geometr~ of the section and the stress-strain
relationship of the material are all that is needed in order
to compute the flexural strength of the section.
The solution of the first integral allows us to find
the neutral axis or fiber where the strain is zero, and with
this value, it is possible to evaluate the resisting moment
given by Eq. 2.
In the case of thin w~lled flexural members, the phenom-
enon of local buckling is present after a certain critical
stress is reached in the compression fibers (7). The prob-
lem can be simply treated by using the concept of effective
width which for stiffened elements is given by Winter'S
expression:
b
1.9 -vE: [1 - o. 475 ; -Va: a] (3)t = max
where t = thickness
b = effective width
w :;:: flat width o:r compression element
E = modulus of elasticity
cr
max = edge stress in the compression element
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Eq. 3 should be used whenever the wit ratio is larger than
the empirical value
{~} lim = 0.95\/ E
°max
(4)
For values of wit smaller than the one given by Eq. 4, the
flanges are considered fully effective, i.e., b = w.
Eqs. 3 and 4 are given in Section 2.3.1.1 of the Light-
Gage Steel Design Manual of the American Iron and Steel In-
stitute (8), referred to the determination of deflections.
In the Specification's formulae, E = 29.5 x 106 psi has been
used for the modulus of elasticity of the steel.
The dimensions of the beams reported here were such that
three of them, namely beams B-1, B-3 and B-5, did not require
any reduction of flat width. The reduction for the other
three, namely beams B-2, B-4 and B-4A, was very small.
As a result of local buckling, the geometrical properties
of the section change with increasing load. The compression
area is reduced and in order for Eq. 1 to remain valid the
neutral axis is lowered. In these conditions, the solution
of Eqs. 1 and 2 involves a trial and error procedure which
is outlined next. The common assumption that plane sections
before bending remain plane after bending is used, that is,
the strain in any point of the section 1s assumed to be pro-
portional to its distance from the neutral axis.
The procedure involves the following steps:
1 - Th~ section is subdivided into elements; a position
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of the neutral axis and the strain in the top fiber
are assumed. With these two values, the stralns in
the subelements are computed.
2 _ From the appropriate stress-strain relationship of
the material, the stresses corresponding to such
computed strains are found.
3 - The integral in Eq. 1 is approximated by adding the
products of stresses times the corresponding elements
of area. In the case of the compression flange, the
effective width corresponding to its stress is used.
If Ia6A ~ 0, the assumption in the position of the
neutral axis is good and Eq. 2 may be approximated
by M = Iay6A, in which y is the distance from the
center of gravity of each element to the neutral
axis.
When Ia6A ~ 0, the procedure should be repeated with a
new assumed position of the neutral axis until Eq. 1 is
reasonably satisfied.
Development of a computer Program
The procedure outi1ned above, although simple in prin-
ciple, may become time consuming for one of the following
reasons: many sections are to be investigated, the stress-
strain relationship Is not aslmple one, or it Is desirable
to know the stress situation in more than one stage of load-
ing. In order to cope with this difficUlty, a computer pro-
gram which covers some of the most common cold fOrmed stiff-
ened shapes was written (9). The program was developed for
the basic section shown in Fig. 3D-a. Some of the common
shapes which can be derived from that basic section are
shown in Fig. 3D-b.
The computation of properties of the section is done
by using the so-called linear method (8), in which the
material of the section is considered to be concentrated at
the axis of the sheet, and the section composed of straight
and curved linear elements. The thickness of the plate
t is introduced only at the end of the computations to find
the properties of the actual section. The formulae used in
the first part of the Program for computation of moment of
inertia and center of gravity of line elements were taken
from Re f'erence 8.
The computation of the flexural strength for a given
section is done in the second part of the Program which gives
the moments corresponding to arbitrarily selected maximum
strains of the most stressed extreme fiber. With these
values, Moment vs. Curvature diagrams of the section consid-
ered may be drawn.
The trial and error procedure outlined before, is car-
ried out by the computer for given values of strain in the
most highly strained fiber of the section. The stresses are
evaluated by means of a function sub-routine Which gives
flexibility to the Program. In this manner, it is possible
to adapt the Program to any stress-strain relationship, pro-
vided such relation is expressed in the function SUb-routine.
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Different relationships for different elements, or for ele-
ments in tension and compression may be taken into account.
Experimental stress-strain data can be used by adding a curve-
fitting subroutine.
For the purpose of this chapter two cases were consider-
ed. The first one assumed idealized sharp yielding stress-
strain curves for both the corners and the flats. The second
case considered a sharp yielding stress-strain relationship
for the flats and approximated the. gradual yielding relation-
ship for the corners by the following equations, which are
obtained by integrating an expression for tangent modulus








where E = modulus of elasticity
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Once the position of the neutral axis has been found,
the moments are computed by multiplying the force in each
subelement by the distance of the center of gravity of its
stress area to the neutral axis. For the vertical elements,
i.e., webs and stiffeners, a trapezoidal stress distribution
was used. This certainly will be the case for a linear
stress-strain relationship in the elastic range. For gradual
yielding relations and for sections partially in the plastic
range this will not hold, and perhaps a parabolic distribu-
tion would be more accurate. However, the number of subdivi-
sions of web and stiffeners (10 and 5 respectively) is con-
sidered to be large enough to give sufficient accuracy even
for those cases. The moment arm for the horizontal elements
and for the corners is approximated by the distance from the
neutral axis to the center of gravity of the element, not to
the center of gravity of the stress area. The error intro-
duced in doing this is considered to be negligible.
EXPERIMENTAL INVESTIGATION
General
Theoretical computations indicated the importance of
considering cold forming effects both on corners and flats
(9). Since the flats yield at a much lower stress than the
corners, it might be possible for these to be prevented
from reaching their increased yield strength and for pre-
mature failure to occur. It was doubted also if enough
rotation would be available to permit full plastification
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of the section. the experimental evidence up to date being
very limited (11) 12, 13).
To obtain information on the above points tests of six
beams were performed. Section configurations and dimensions
are shown in Figs. 31 to 33 and Table 13. Materials proper-
ties are given in Table 14.
All the sections were press-braked with the exception
of beam B-2 which was roll formed. Compact sections were
chosen because the ratio of area of the corners to total
area would be very small for large flat-width ratios and
dealing with press braking this would result in a small
effect of cold work on the flexural behavior of the member.
Material's Properties
Virgin Material
Virgin material was available for beams B-1, B-3 and
B-4. Tests conducted in the past (3, 4) gave the virgin
material properties of beam B-2, while neither virgin mate-
rial nor information about its properties could be found for
beam B-5. Three tensile and compressive tests of each avail~
able virgin material were made. Tensile coupons were stand-
ard specimens 9 in. long. Compressive specimens were 3 in.
long and 0.5 in. wide. Testing procedures were identical to
those described in Chapter II.
As-formed Properties
Coupons of flats and corners were" taken across" the
sections and tested both 1n tension and co~presslon. Their
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locations are shown in Figs. 31 to 33.
Tensile coupons of flats were 10 in. long and 0.25 in.
wide. Corresponding compression coupons were as before: 3
in. long and 0.5 in. wide. Tensile coupons of corners were
15 in. long. Procedures for testing tensile and compressive
coupons of flats and tensile coupons of corners were those
of the preceding chapter. Compressive coupons of corners
were 3 in. long for beams B-3 and B-5, and 1.5 in. long for
the other beams. An SR-4, A12-12 strain gage was mounted at
the center on the exterior side of the corner. The strain
gage was waterproofed with "Petrosene" wax, the specimen
greased to allow free longitudinal movement, wrapped in foil
paper and casted in hydrostone to provide lateral support
and prevent buckling. Aluminum pipe sleeves provided adequate
enclosure. After hardening of the hydrostone the corners
were compressed in a sub-press by using a screw-type electric
driven testing machine. The load was applied continuously
at a rate of separation of cross-heads of about 0.002 in./
min. Simultaneous readings of load and strain, as shown by
a strain indicator, were taken from which load vs. strain
diagrams could be drawn.
Flexural Tests
The beams were simple supported on a span of 42 inches.
Equal concentrated loads were applied at the thirds of the
span, resulting in a constant moment zone 14 in. long.
Clamps were applied at the supports and under the loads to
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prevent opening of the section and to keep its geometrical
shape. They proved to be e~fective and necessary.
Each beam was instrumented at midspan with eight SR-4,
A-l2, electric strain gages located close to the corners as
shown in Fig. 34-a. Deflections at midspan were measured
with ,two dial gages connected to the bottom flanges and read-
ing to 0.0005 in. Fig. 34-b shows schematically the loading
arrangement.
Beam B-1 was tested in a Widemann-Baldwin hydraulic
type te.sting machine. All other beams were tested in an
electric Tinius Olsen machine of the screw type. The load
was applied in small increments ata rate of separation of
crossheads of about 0.005 in/min., and kept constant while
deflection and strain readings were taken by means of a
strain indicator and a switching box.
TEST RESULTS AND DISCUSSION
Strength Distribution Across the Section
The distribution of tensile yield and ultimate strengths
as well as compressive yield strengths for each section are
shown in Figs. 31 to 33. Whenever possible the virgin prop-
erties are also indicated. Weighted averages of strength
of corners and flats are presented in Table 14. Table 15
indicates the percentages of change with respect to the vir-
gin properties.
The corners showed large increases in tensile yield
strength, ranging from 34 to 65 'percent above the virgin
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value, and to a lesser degree in ultimate strength: 4 to 26
percent above the virgin. The percentage increase in corner's
tensile yield strength was larger for beam B-1 than for any
other beam. This was expected because of its low yield
strength, acute sharpness of the bend and high ultimate to
yield strengths ratio, according to the findings of Chapter II
and of earlier investigations (3, 4).
Changes in yield and ultimate strengths of flats were
relatively low with the exception of beam B-2, the only roll
formed section of the group. Increases in tensile yield and
ultimate strengths for this beam were 20.3 and 10.6 percent
of the virgin values respectively. The three other sections
with known virgin properties showed changes ranging from -0.9
to +ij.6 percent of the virgin tensile yield and from -3.8 to
+4.1 percent ~r the virgin ultimate. These changes might be
due to scattering of the virgin properties.
The graphs of strength distribution across the section
show that the strength of flats is relatively uniform across
each section. The only exceptions being the bottom flanges
of beam B-2, due perhaps to higher roll pressures in the form-
ing process required by the short distance between adjacent
corners, and the top flange of beam B-3 which was bent and
then flattened out in order to form the section. This flange
presented at the center a tensile yield strength even higher
than that of the adjacent corners. The non-uniform yield
strength of flats is important in predicting beam capacities
as diScussed below.
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The distribution of compressive yield strengths was sim-
ilar to the tensile one. The compression values were in gen-
eral somewhat larger than the tensile yield strengths with
the exception of beam B-4 for which the compressive yield
strength was slightly smaller than the tensile yield strength.
Moment-Curvature Relationship
The experimental Moment-Curvature relationships were
compared with those predicted by using the computer program
mentioned before, in conjunction with the material's proper-
ties found by testing coupons. It was assumed that the yield
strength of flats was uniform across the section. This is a
close approximation for most of the sections as indicated in
the preceding paragraphs. Six different relations were comp~­
ed for each beam: the first one uses a sharp yielding stress-
strain relationship for both corners and flats and the tensile
yield strength of the virgin material, i.e., neglects complete-
ly the effects of cold work. The second method uses the
weighted average of tensile yield strength of flats and the
experimental tensile yield strength of corners, assuming in
both elements a sharp yielding curve. The third method uses
the same values of 0.2 percent offset yield strength as the
second one but using a sharp yielding stress-strain relation-
ship for the flats and a gradual yielding curve, represented
by Eqs. 5 and 6, for the corners. All three methods were
repeated using the compression properties.
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The second method has the advantage of simplicity when
compared with the third procedure, espe~ially in computations
by hand. Since the stress-strain curves of corner coupons are
definitely of the gradual yielding type, some discrepancy
with the experimental Moment-Curvature curve in the partially
yielded region was expected. This would not be important if
we were interested only 1n the stage of nearly full plasti-
fication. On the other hand, by using a computer, the more
involved calculations of the third method become insignifi-
cant· and the result is a better agreement between computed
and experimental curves. A detailed comparison is given next.
Considering the effects of cold work with the tensile
properties and a gradual yielding stress-strain curve for the
corners, i.e., using the third method, resulted in excellent
agreement with the experimental Moment-Curvature relationship
in the case of beam B-1, as shown in Fig. 35. Using the
compressive yield strength, a too high curve was obtained.
When the effects of cold work were neglected, the resulting
curves were below the experimental one; the curve based on
virgin compression properties being closer than the tensile
one. As indicated before, the curves obtained by the second
method differ from those by the third method only at the bend.
Beam B-2 failed under one of the loads before enough
rotation had been developed. . However, the available experi-
mental curve shows good agreement with both compression and
tension curves of the third method; the compression one being
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slightly closer. The curves obtained by neglecting cold work,
were far below the experimental data, and again the compres-
sion curve was closer than the tensile one. The large differ-
ence between curves obtained by the first and third methods
for this beam is due to the roll-forming process which signif-
icantly increased the yield strength of flats and consequent-
ly made the first method especially inadequate. The corres-
ponding curves are presented in Fig. 36.
Beam B-3 did not offer as good agreement as the two
beams above. This is because of the assumption of uniform
yield strength of flats which was not true for this beam as
shown on Fig. 31. All three methods underestimated the capac-
ity of the beam as can be seen from Fig. 37. In all cases
the curves using compressive properties showed closer agree-
ment than those based on tensile yield strengths. In an
attempt to improve the predicted Moment-Curvature relation
for non-uniform flat properties, the computer Program was
modified in such a manner that the compression flange may
have a yield strength different from that of the other flats
and of gradual yielding type. The resulting curve with com-
pression properties shows then excellent agreement with the
experimental one up to a curvature of about 0.002 radians.
From there on, the calculated curve 1s below the experimen-
tal one by a significant amount. If tensile properties were
used, the agreement would be slightly worse. One reason for
the lack of agreement at large strains is that not only the
corners but also the compression flange had gradual yielding
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curves. Therefore, the arbitrarily defined 0.2 percent off-
set yield strength underestimates the strength of these ele-
ments once the strains corresponding to the above definition
of yield are surpassed. Since the percentage of area witq
gradual yielding properties to total area is larger for this
beam than for any other of the series, it is easily under-
stood why all the calculated Moment-Curvature curves were be-
low the experimental one.
Beams B-4 and B-4A had the largest flat width ratio of
all the beams tested. Unfortunately, these beams were not
manufactured at close tolerances and therefore symmetry of
loading was difficult to obtain. Beam B-4 was tested first
and failed under one of the loads before enough rotation had
been developed. The same thing happened to beam B-4A, a
duplicate in which more attention was given to the loading
arrangement. Figs. 38 and 39 show the experimental and com-
puted results; the first method was modified to use a grad-
ual yielding stress-strain relation since the corresponding'
coupons from virgin material and flats showed to be of this
type.
It can be seen that the experimental Moment-Curvature
curve departs from a linear relationship at an earlier cur-
vature than expected. The curves obtained by neglecting
the effects of cold work and using compression properties
fit best the experimental curve at the bend, while those
using tensile virgin yield strength are closer at larger
curvatures. Premature failure of these beams might have
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been avoided if web stiffeners had been added under the loads.
This solution was discarded because of the annealing effects
of the welding involved which would decrease the strength of
the corners.
Beam B-5 strikingly shows the importance of considering
the effects of cold work even for press-braked sections. It
was unfortunate that virgin properties were not available
for this beam and therefore the lower curve on Fig. 40 corres-
ponds to the tensile yield strength of flats, assumed uniform
all across the section. Notice the excellent agreement
with the experimental Moment-Curvature relationship when the
proper tensile yield strength of the corners is included.
Using the compression properties resulted in a closer agree-
ment when neglecting the increased strength of the corners
and in a too high curve when such increase was included.
In summary, predictions of the Moment-Curvature relation
neglecting the effects of cold work showed poor agreement
with the experimental curves, With the excepti'on of beams
B-4 and B-4A. Closer estimates were obtained by using com-
pression rather than tensile properties. When the beams
indicated above were excluded, good to excellent agreement
between computed and experimental relationships were obtain-
ed by considering the as-formed tensile 'yield strength of
flats and corners. In some cases, to use the compressive
strength gave a closer fit but as a general rule to use the
tensile properties gave always close and conservative esti-
mates of the Moment-Curvature relationshlp'~
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Ultimate Beam Capacity
Description of Computational Methods
There are two main approaches to c?mpute the ultimate
capacity of a beam. The first uses the Elastic Section Mod-
ulus concept and considers that failure occurs when the ex-
treme fiber reaches a defined yield strength. The second
uses the Plastic Hinge concept and defines failure as the
moment at which the section is fully plastified, i.e., each
fiber has reached the defined yield strength. The two meth-
ods will be referred to as E and P respectively, and diagrams
explaining the assumed stress distributions for the differ-
ent alternatives described below are shown in Fig. 41.
The Elastic Section Modulus method admits two alterna-
tives either a) neglecting completely the effects of cold
work by using the virgin properties all across the section
(E-a), or b) considering such effects only on the flats and
limiting the stress in the corners to the as-formed yield
strength of the flats (E-b). By definition, the consider-
ably higher strengthening effect of cold work on the corners
has to be neglected.
The Plastic Hinge method on the other hand admits three
alternatives: to the two limiting stresses assumed above
which lead to the stress distributions P-a and P-b, it is
necessary to add a third one, P-c, in which full consideration
is given to the effects of cold work by limiting the stress
in the' corners to their proper as-formed O. 2 percent offset
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yield strength. A rigorous analysis would require to differ-
entiate between elements in tension and compression for each
alternative. However, since the yield strength in tension
and compression are very close to each other for ordinary low
carbon steel, the simpler approach of using either the ten-
sile or the compressive yield strengths for the whole section
was followed. The results are compared with the experimental
failure moments in Tables 16 and 17. Other assumptions in
the analysis are the uniformity of yield strength for the
flats, which is approximately true for all sections but the
tension flanges of beam B-2 and the compression flange of
beam B-3, and the definition of limiting stress as the 0.2
percent offset yield strength obtained from coupons. This
last 'assumption is good for flat elements different from the
two exceptions mentioned above, but conservative for the
corners and those flat elements with gradual yielding stress-
strain relationships.
The experimental failure moments were defined as the
maximum moments obtained in the tests for all the beams ex-
cept beam B-3 in which failure was arbitrarily 'defined as
the moment at which the deflection at midspan waa equal to
one fiftieth of the span length.
Predictions Based on the Elastic Section Modulus Metho£
The Elastic Section ~odulus method with tensile virgin
properties (E-a tensile) underestimated the beam capacities
...
by amounts ranging from -40.8 percent t 17 6
, 0 - • percent.
When compression virgin yield strengths were used the above
figures changed to -40.0 and -18.7 percent respectively.
The corresponding averages were -28.8 percent and -26.8
percent.
When the same method was used with the Flat's properties
(E-b) instead of the virgin ones, the estimates wer~ from
-41.3 percent to -16.3 percent below the experimental failure
moments for tension and from -39.2 to -19.6 percent below for
compression. The corresponding averages for the same five
beams considered before were -25.3 and -24.5 percent respec-
tively. If beam B-5 is included, the averages change to
-26.5 and -24.3 percent below the experimental values.
Predictions Based on the Platic Hin~e Method
The Plastic Hinge method with tensile virgin properties
(P-a tensile) underestimated the beam capacities for all but
beam B-4A by amounts ranging from -22.8 to +1.1 percent of
the experimental failure load. The average deviation was
-11.0 percent. When compressive yield strengths were used,
this method underestimated the beam capacities of all the
beams giving values which were from -21.8 to -0.4 percent
below the experimental ones. The average error was -8.5
percent.
The same method but with Flat's tensile yield strengths
(P-b tensile) instead of the virgin ones gave conservative
estimates for all but beams B-4 and B-:-4A. Deviations from
the experimental failure moments we~t from -23.5 to +2.4
percent with an average of -8.5 percent. When the compression
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yield strengths were used the estimates were from -20.8 per-
cent below to +1.8 percent above the experimental failure
loads, and the average was ~5.8 percent below.
Finally, when due consideration was given to the
strengthening effects of cold work on both corners and flats,
the "Plastic Hinge method with tensile properties (p-c tensile)
gave 'the best estimates of the beam capacities for all but
be'ams B-4 and B-4A. The computed values were then from -13.4
percent below to +13.4 percent above the experimental ones
with an average of +1.8 percent. Beams B-4 and B-4A failed
at the point of application of one of the loads when the
compression flange started to yield. Since the deviations
from geometrical symmetry were much larger for these beams
than for any of the other four, there is a possibility that
,their failure had been precipit~ted.
When the compressive properties were considered instead
of the tensile ones, the values obtained overestimated the
beam capacities for all. but beam B-3, by amounts ranging
from +4.4 to +11. 0 percent above the experimental capacities.
the estimate for beam B-3 was -9.5 per-cent below. The aver-
age for all the beams was +5.1 percent above the test value.
Evaluation of the Elastic and Plastic Methods
Summarizing, the Plastic Hinge 'method with as-formed
tensile properties of corners' and flats (p-c tensile) gave
the best predictions of ultimate capac'itiesor compact 11ght:-
gage hat sections made of ordinary' low carbon steel.' For
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non-compact sections failure at the points of application of
concentrated loads might prevent the development of enough
rotation and this method would overestimate the capacity of
such beams. Since only one non-compact section was studied
here it is necessary to wait for additional experimental
evidence before drawing definite conclusions about non-compact
hat section beams.
In any case, the Elastic Section Modulus methods E-a and
E-b, which necessarily neglect the effects of cold work at
least on the corners, grossly underestimate the ultimate
capacities of compact and slightly non-compact hat section
beams. Design procedures based on such methods would be
uneconomical unless the ultimate capacity be determined by
requirements different from strength.
Proposed Design Method
A third procedure has been proposed for design purposes
(8*). It consists of using the Elastic Section Modulus
method but with weighted average tensile properties which
include both corners and flats. The corresponding stress
distribution has been designated E-c on Fig. 41. The aver-
age yield strength, assumed uniform across the section, to
be used in design would be given by the expression:
a = CO + (1 - c)ayfya yc
where C = ratio of the total corner area to the total
"ti"onal area of the full section
cross-sec
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= tensile yield point of cornersO'yc
= weighted average tensile yield point of theO'Yf
flat portions.
The tensile yield point of corners can be computed as follows:
O'u 2(-) - 1.79O'y
where
B = 3.69 (~) - 0.819
c O'y
au
m = 0.192 (--) - 0.068
. O'y




t = thichness of the section
°' = tensile ultimate strength of virgin steelu
O'y = tensile yield point of virgin steel
Eqs. 7 to 10 were first presented by Karren and Winter
(References 3 to 5).
The Elastic Moments found by ,using the average tensile,
properties are presented in Table 18. They underestimated the
beam capacities by amounts ranging from -31.2 to -7.1 percent
of the experimental failure moments. The average deviation
was -18.8 percent. A comparison with the Elastic Moments
computed with the virgin tensile properties (E~a) shows that
the proposed design moments (E-c) are from 10.7 to 24.8 per-
cent above those neglecting completely the effects of cold
work. The average gain with ~he. propos~~ design method for
, • >," -. ,
the six beams reported ~er~ .was 15 ,,3 per~ent. It might be
even larger for roll formed sections.
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Deflections at Working Loads
Experimental Load vs. Deflection at midspan character-
istics of all the beams tested are presented in Figs. 42 to
44. Table 19 presents a comparison of calculated and experi-
mental deflections at working loads. Two values are given
for each beam. The first one is based on 0.6 times the mo-
ments obtained by the Elastic Section Modulus method with the
weighted average tensile properties (E-c). The second value
uses the moments found by the Plastic Hinge method with the
as-formed tensile yield strengths of corners and flats, (P-c).
A factor of safety of 1.65 was used to determine the working
loads in this case.
Deflections estimated with the first set of working loads
closely approached the experimental deflections for all but
beams B-3 and B-4, which presented deviations of -21.2 and
-11.4 percent respectively. Deviations for the other four beams
were between -7.8 and -2.0 percent of the experimental values,
with an average of -3.9 percent. The large deviation for beam
B-3 might be explained in part by the poor geometrical symmetry
obtained in its fabrication and by the large percentage of area
with gradual yielding stress-strain relationships in contrast
to the constant modulus of elasticity used for simplicity in
the computations.
Deflections at loads based on the Plastic Moments showed
slightly less agreement with the experimental values. With
the exceptions of beams B-3 and B-4 which underestimated the
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experimental deflections by -21.2 and -13.8 percent respec-
tively, the other beams showed deviations between -8.2 and
-3.2 percent, with an average of -5.0 percent.
The ratios of maximum deflection to span length obtained
by using the Elastic Moments ranged from 1/200 to 1/344. When
the Plastic Moments were used the above ratios ranged from
1/157 to 1/268. These ratios may be too large to fulfill
architectural requirements and therefore allowable deflect10M
rather than strength might be the limiting factor in design-
ing this type of sections.
RESULTS OF OTHER INVESTIGATORS
Flexural behavior of light gage steel beams has been re-




individual fibers of the beam are the same as those in direct
tests of flats or corners for either tension or oompression.
Three methods of computing the flexural strength were
used. The' first is based on the stress-strain curves or ten-
sion and compression coupons by means of an iterative proce-
dure. The ultimate moment was defined as the moment at which
either the tension or compression flange reached the 0.2% off-
set yield strength. Two values were round, either neglecting
or considering the effects of cold work on the corners. Al-
though this method is theoretically correct, it was oonsidered
to be too time consuming for practioal design and two alter-
native methods were presented for that purpose. Notioe that
the definition of ultimate moment given above oorresponds to
the early stages of yielding in which only the extreme fibers
of the beam have reaohed the defined yield strength.
One of the alternative p~ocedures was called the Elastic
Section Modulus method and involves the same concept of limit-
ing stress, but idealizing the stress-strain relationship to
that of an elasto-plastic material, so that the distribution
of stress on the cross section results linear. The effects of
cold forming on the flexural capacity of the members was ne-
glected, assuming that it was on the order of 5 1/2% as found
by the iterative method.
The second alternative procedure was the Plastic Hinge
method in which each tiber of the beam is supposed to have
reached the 0.2% offset compression yield strength. It was
considered that this method assumes a stress distributIon
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which is perhaps less realistic than the Elastic Section
Modulus method and therefore, the fact that the yield strength
of stainless is higher in tension than in compression (in con-
trast to mild carbon steel) was conservatively ·neglected. The
strengthening effect of cold work on the corners was not con-
sidered.
The experimental and computed moment capacities were com-
pared in Tables 4-2 and 5-2 of Reference 11, and are presented
here in Tabl.e 20.
Johnson concluded that it ~as too difficult in design to
consider the effects of cold forming since tor stainless steel
there 1s no 8;vailable method to predict the yield. strength of
corners and the experimental procedures are too complicated.
He recommended the Elastic Section Mod~lus method with a fac-
tor of ~afety of 1.85 or the Plastic Hinge method with a fac-
tor of safety of 2.0. In general, ·the .Plastic Hinge method
overestimated the flexural· capacities for all but the more com-
pact sections. This was explained because of section geometry
and the assumption of the stress distribution ,since in gradual
yielding stainless the 0.2% offset yield strength is only an
arbitrary reference stress and the extreme fibers, especiallY
the corners, may be able to reach much. larger stresses. It is
interesting that such a big differenqe. exists for. the more
compact ,sections.. Since this· steel does not differ too much
from the mild carbon steelp( the.bea~ r~por~ed here~ a more
exact computa~ion of the capac1~Y',9t'beams.F~J., F-4 a.nqF~5,
with due account ot. t~e' C~)llner8; w~~·;:p~,r~i~d. out 4.n. th:Ls,~tw'Y' .
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The results are presented in Table 20.
It was assumed that enough rotation was available to
permit full plastification of the section, including the
strengthened corners. The known material properties included
the flat's yield strength of each beam both in tension and com-
pression. In addition, experimental tensile stress-strain
curves of corners cut from beams F-3 and F-4 had been obtained
as well as the compression curve for an F-4 bend. Since the
same value in tension was found for corners from both beams
it may be reasonably assumed that the corresponding compres-
sion yield strengths were also equal. The same values were
used in computing the ultimate capacity of beam F-5 although
this procedure is not entirelt valid because of differences in
thickness and mechanical properties. They were used only be-
cause proper data was not available.
Two values were computed for each beam. The first one
uses the compressive yield strength of flats and the tensile
yield strength of corners, i.e., the more conservative values
for each element. The second value was found by using the
proper yield strength for each fiber, i.e., compression yield
strengths for fibers above the neutral axis and tensile yield
strengths for those below it.
Comparison of computed and experimental ultimate moments
Shows that 1f effects of cold work are neglected and the com-
pressive yield strength 1s assumed for all the section, the
PI i t the beam capacities fromast1a Hinge method underest ma es
-27.0% to -15.2% with an average of -19.6%. If the effect of
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cold work on corners is included and the most conservative
values are used, the es tirnates are from -12.8% to -5.3% below
the experimental failure moment. The average is -8.6%. Fi-
nally, when the proper yield strengths are used for each fiber,
the deviations in the computed moments go from -5.8% to -0.9%
with an average -2.4% below the experimental values. The
largest difference corresponds to beam F-5. Remembering that
the assumption in yield strength of corners for this beam was
conservative since the results of Chapter II and Reference 3
have shown that for mild carbon steel the benefit· from cold
work is greater the smaller the yield strength and radius to
thickness ratio are, and there being no reason to believe that
for stainless steel would be different, then it is very pos-
sible that if the true yield strength of corners for beam F-5
were known, the deviations between experimental and computed
moments by the two last methods would be even smaller.
In conclusion, it has been.proved that for sections with
a flat width ratio as large as 51 or smaller, made of Austenitic,
Stainless Steel Type 304 annealed and skin passed, enough rota-
tion capacity as shown by the strains at fa1lurein Table 20
1s available to allow a good degree of plast1f1cat1on of the
section. To neglect the strengthening effect of cold work on
the corners of these sections, for which the curved area repre-
sents a good percentage of the total, would be uneconomical if'
only strength considerations were important.
To obtain full advantage in design it 1s necess.ary to
consider the proper yield st~ngth tor eac-h e.lement.' Thecotn-
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puted moments will then be very close to the experimental ones
and on the conservative side. An alternative method would be
to use the most conservative yield strengths for corners and
flats; the design procedure would then be simpler but less
accurate. However, the computed values would still be within
economical limits.
Drawbacks to the methods suggested are the inexistance
of analytical means to predict the yield strength of stainless
steal corners and the difficulties in finding it experimental-
ly. The more elaborate computations that are required to in-
clude the yield strength of corners are thought to be justi-
fied by the economical gains, and the amount of effort might
be minimized by using a computer program similar to the one
referred before.
Finally, it should be noted that deflections at working
load may be considerable and deformation rather than strength
might govern the design of this type of beams.
~ng'S Tests
It was said before that the Type 304 annealed and skin
passed Austenitic Stainless Steel has a 0.2% offset yield
strength practically the same as mild carbon steel. In con-
trast, for tempered grades, such as Type 301 quarter and half
hard, the 0.2% offset yield strength is much higher and the
an1sotro This results in a strengtheningpy more pronounced.
effect of cold work on corners of small magnitude as compared
With that of Type 304 annealed and skin passed and mild carbon
steel. Therefore, it· seems that tpe increase of strength in
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corners may be disregarded for a first approximation (12).
Wang tested four beams of Type 301 half hard stainless
steel with flat width ratios (wit) from 25 to 150. He com-
pared the experimental failure moments with those computed by
using a numerical approach, an Elastic method, and two Plas-
tic methods using either the compressive yield strength of
flats for all the section or the proper yield strength of
flats for fibers in tension and compression. The higher yield
strength of corners was neglected in all cases.
He concluded that the second Plastic method is uncon-
servative as might be expected from the considerable amount
of rotation required by the stress-strain relationship for
this type of material. The first Plastic method gave better
results with an average deviation of +3.6% on the unconserva-
tive side.
In conclusion, it seems very justifiable to ignore the
higher strength of corners in beams made of tempered grades
of stainless steel, not only because of the above findings
but mainly because the high yield strength and low proportion~
al limit of this material results in very large deflections,
about 3 times larger at service loads than those of identical
specimens of Type 304 annealed stainless steel.
Macadam's Tests
Macadam (13) made three'beam tests to verify the utiliza-
tion of cold work benefits in flexural members. The speci-
mens were lipped-channel sections put together back to back.
Virgin material properties were not obtained but"it, was con-
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sldered reasonable to assume that the average of the flat
element properties of specimens far from the corners repre-
sents the virgin material properties for these sections.
Three moments were computeci for each beam. The first
one uses the Elastic Section Modulus concept with the assumed
virgin properties. This method underestimated the failure
moments by amounts ranging from -19.7% to -14.9%, with an
average of -17.1%. The second method uses the same concept
but with a weighted average of all the coupons, not differen-
tiating between corners and flats, i.e., the proposed design
alternative mentioned before (E-c). The moments computed by
this approach were from -12.3% to -8.7% below the experimental
capacities with an average of -10.7%. The third method con-
sidered the full section plastified and each element with the
most conservative yield strength, i.e., tension or compression
irrespectively of its function in the beams. This method
overestimated the experimental failure moments by amounts
ranging from +2.5% to +6.7% with an average of +4.6%.
In view of the above findings Macadam concluded that
little plastic rotation could be developed before local buck-
ling of the compression flanges occurred. and therefore none
Of the sections tested were capable of attaining the full
Plastic moment capacity based on increased yield strength
from cold work. "Hence, these light-gage cold-formed sections
do not fUlly satisfy the conditi()ns for plastic design 1n its
presen.t form", he wrote.
Regardless of the small overestimates found for these
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beams by the Plastic Hinge method which might be easily
covered by using a slightly higher factor of safety, an
alternative form of plastic design is indicated next.
According to Macadam, the beams failed because not enou~
rotation capacity was available to develop the full strength
of the corners. Since this was the case neither for most of
the carbon steel beams reported here nor for Johnson's compact
specimens referred before, it sp.ems that the difference in be-
havior may be due to the fact that the compression flanges of
the lipped-channel beams were stiffened by a web at one edge
only while the other was stiffened by a simple lip. The hat
sections of the other tests instead were stiffened by webs
at both edges.
The suggested method considers that all the flat elements
of the section are ful'ly plastifled to the as-formed yield
strength, btit since not 'enough rotation is available the cor-
ners are prevented 'from:reachi~g their higher strength and
work at a stress equal to the average of theplastified flats.
The results are presented in Table 21 together with Macadam's
values. It is seen that the proposed method closely estimates
the experimental ultlmatemoments being conservative by amounts
ranging from -3.5% to -0.5% with an average of -2.0%.
It is concluded that for compact beams made by connecting
two lipped-channel sections back to back, to neglect' the ef-
fects of cold work and to use the Elastic SectiohModulus
method largely underestimates their 'atrEmgth capa·o-tty.The
proposed method, in which' the efrects 'tir: cold ,\,i'O~k~ 'bir'roll
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formed flats are included but the stress of corners is limited
to that of the flats because of little rotation capacity,
closely estimates the failure moment on the conservative side
and therefore is recommended.
Since Plastic Design is thought not to be advisable for
light-gage steel, the design method with weighted average
tensile yield strength (E-c tensile) was found here to be both
conservative and better than the Elastic Section Modulus meth-
od based on virgin properties. Gains ranged from 5.1% to 10.8%,
with an average of 7.7 percent.
SUMMARY AND CONCLUSIONS
Test results on flexural behavior of carbon steel beams
have been presented and compared with those of other investi-
gators (11, 12, 13). One of the beams was roll formed; the
others were press-braked. Mainly compact sections were chosen
because the ratio of area of the corners to total area would
be very small for sections with large flat-width ratios; also,
since press-braking was the only fabrication method readily
available, non-compact sections would have obtained little
benefit from cold work. The results are summarized as follows:
(1) Increases in tensile yield strength of corners as
a result of cold work ranged from 34 to 65 percent above the
Virgin values. The corresponding figures for ultimate strength
were 4 and 26 percent.
(2) The flats of the roll formed beam reached a weight-
ed average increase in tensile yield and ultimate strengths
equivalent to 20.3 and 10.6 per~ent of the virgin values res-
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pectively.Flats of press-braked sections showed changes in
material's properties smaller than 5 percent which might be
simply due to scattering of the virgin strengths.
(3) The strength of flats was relatively uniform across
the sections with the exceptions of two beams for which the
fabrication method required an extra amount of cold work on
one of the flanges. The uniformity of. yield strength of flats
was important in predicting the beam capacities.
(4) The distribution of compressive yield strengths
across the section was similar to the tensile one. The aver-
age compression values were. larger than the tensile yield
strengths for all but one beam for which the compre~sive yield
strength was slightly smaller.
(5) Predictions of the Moment-Curvature relationship
without considering the effects of cold work showed poor agree-
ment with the experimental curves for all but the only non-
compact section of the group. Excluding this section, consider-
ing the as-formed tensile yield strength of flats and corners
gave close and conservative estimates of curvatures, especial-
ly when a gradual yielding stress-strain curve was used for
the corners.
(6) Computations of ultimate beam capacities by the
Elastic Section Modulus method, which necessarily neglects. the
effects of cold work on corners, and based ~n the tensile. vir-
gin yield strength underestimated the ~xperimental ultimate
moments by amounts ranging from ~40.8 ~o -17.6 ~ercent~ with
, -, . ,(
an average of -28.8 percent. By .using the Plastic '~1nge, method
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and the compressive virgin yield strength, improved estimates
were obtained which were from -21.8 to ~O.4 percent below the
experimental strengths, with an average of -8.5 percent. The
same method using actual measured flat's properties further
improved the estimates but only slightly.
(7) The best strength estimates for the compact sections
were obtained by the Plastic Hinge method with the as-formed
tensile properties of corners and flats. The predicted ulti-
mate capacities were from -13.4 percent below to +0.5 percent
above those found experimentally. The average deviation was
-3.5 percent.
(8) It seems that non-compact hat sections may be pre-
vented from developing enough rotation to develop the increas-
ed strength of the corners. Therefore for such type of sections
it is suggested to comp~te the ultimate strength by the Plastic
Hinge method with the more conservative (tension or compres-
sion) average yield strength of flats (if roll-formed) or vir-
gin material (if press-braked). However, additional experi-
mental eVidence, especially on roll formed sections, would be
necessary before attempting to derive definite conclusions on
non-compact members.
(9) A proposed design method based on the Elastic Section
MOdUlus method and an overall weighted average tensile yield
strength of both corners and flats underestimated the beam cap-
aC1t1es by amounts ranging from -31.2 to -7.1 percent of the
experimental st'rengths. The average deviation was -18.8 per-
cent. The'capacit1es calculated by this method were from 10.7
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to 24 .8 percent above those computed using the virgin proper-
ties. The average gain was 15.3 percent and might be even
larger for roll-formed sections. Because of its simplicity
and obvious economical advantage this proposed design method
is definitely recommended for compact and slightly non-compact
hat-sections.
(10) Estimates of deflections at working loads, for 0.6
times the moments obtained by the Elastic Section Modulus
method with the weighted average tensile properties, slightly
underestimated the experimental values for all but two beams
which had deviations of -21.2 and -11. 4 percent~· The average
deviation for the other four beams was -3.9 percent. The
deflection/span ratios obtained by using the above working
loads ranged from 1/200 to 1/344. When working loads were
based on the Plastic Moments with discriminated as-formed ten"
sile properties and a factor of safety of 1.65, deflections
ranged from 1/157 to 1/268 of the span. Thes~ deflections may
be too large to meet architectural requirement a and allowable
deflections rather than strength may become the limiting fac-
tor in designing this type of sections.
(11) The relatively small differences between the streSS-
strain relationships of corners and flats of mild carbon steel
on the one hand and Austenitic Stainless Steel Type 304 annealed
and skin passed on the other allowed comparison of the tests
reported here with those performed b'y Johnson (ll). Byusing
·his data and somewhat more elaborat:e computations- ,it waspos-
sible to predict the flexural ca~ao1t1eaot:,b1s ~t.h~e mo;re· ....
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compact sections with deviations from the experimental values
between -5.8 and -0.9 percent. The average was -2.4 percent.
Therefore, for sections with a flat-width ratio as large as
51 or smaller, made of this type of stainless steel, enough
rotation capacity is available to allow a good degree of
plastification of the section. To neglect the strenghtening
effect of cold work in the corners of these sections for which
the ratio of curved to total areas is large would be uneconomi-
cal unless the beam capacities were determined by other con-
siderations, such as deflections.
(12) Wang (12), tested four beams of Type 301 -1/2 Hard
Stainless Steel with flat-width ratios from 25 to 150. In
contrast to the Austenitic Steel mentioned before, the tempered
grades have a much higher 0.2% offset yield strength than ordi-
nary carbon steel and pronounced anisotropy. This results in
a small amount of strengthening effect of cold work and he
concluded that it. seems justifiable to ignore the higher
strength of corners in beams made of tempered grades of stain-
less steel since in addition to the above finding, the high
yield strength and low proportional limit of this material
results in very large deflections.
(13) Macadam (13), based on tests of three beams made
of lipped-channel sections put together back to back concluded
that to neglect the ~ffects of cold work and to use the Elastic
Section Modulus method largely underestimated their strength
capacities •. Because little plastic rotation could be developed
b.efor~ local buckling o~ the compression flanges occurred, none
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of the sections tested reached the full plastic moment capa~
city based on as-formed yield strength of corners and flats.
It is shown here that close estimates of the experimental
ultimate moments could be obtained by using the method sug-
gested for the non-compact hat sections, point (8) above.
This gives estimates conservative by amounts ranging from -3.5
to -0.5 percent, with an average of -2.0 percent. Therefore,
the Plastic Hinge method in which the effects of cold work on
roll-formed flats are taken into account but the stress in
corners is limited to the yield strength of the flats because
of little rotation capacity, is also recommended for compact
beams made by connecting two lipped-channel ordinary carbon
steel sections back to back.
The Elastic Section Modulus method based on the overall·
weighted average tensile yield strength underestimated the
beam capacities by amounts ranging from -12.3 to -8.7 percent
below the experimental values, with an average of -10.7 per-
cent. It offered gains between 5.1 and 10.8 percent with
respect to the same method based on virgin properties and
therefore is also recommended for design of this type of
sections.
(14) Finally, the following recommendations are made:
a - For design, compute the beam capacities of compact
and slightl~ non-compact sections by the Elastic Section
Modulus method based on the overall weighted average tensile
yield strength of both corners and flats. For non-compact
sections use the Elastic Section Modulusnieth6d hti-t''daseci orr
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the more conservative (tension or compression) average yield
strength of flats (if roll-formed) or virgin material (if
press-braked).
b - For greater accuracy where permissible, or for re-
search purposes, compute the ultimate beam capacity of compact
sections by the Plastic Hinge method based on as-formed ten-
sile properties of corners and flats. In case of non-compact
hat sections or compact beams made by connecting two lipped-
channels back to back, use the Plastic Hinge method with the
more conservative (tension or compression) average yield
strength of flats (if roll-formed) or virgin material (if
press-braked).
c - Predict the Moment-Curvature relationship of compact
beams by using the as-formed tensile yield strength of flata
and corners and the appropriate (sharp or gradual) type of
stress-strain relationship.
d - Always check the deflections of this type of sections
since they are generally large and may become the limiting
factor in the design of cold-formed flexural members.





Review of Inelastic Column Theory
Engesser (14) in 1889 presented his tangent modulus
theory, according to which a perfect column axially loaded
will buckle in the inelastic range at the stress
1T 2Et
where the tangent modulus Et 1s the slope of the stress-strain
curve at the level of the buckling stress at. However, he did
not consider the nonreversible characteristic of the stresS-
strain diagram in the inelastic range and this was pointed out
by Jasinski (15). Engesser (16) within the same year cor-




in which the reduced modulus E , depended not only on E and
r
Et but also on the shape of the cross section.
Von Karman (17) in 1910 derived explicit expressions for
the "reduced moduli" of rectangular and idealized H-sections,
but many investigators found that carefully tested columns
failed at loads just slightly above those predicted by the
tangent-modulus equation, even though the reduced-modulus
theory was correct from the classical instability concept.
Shanley (18) in 1947 offered a new interpretation of
the tangent-modulus theory and showed that it is possible for
a centrally loaded column to bend simultaneously with increas-
ing axial load, therefore without introducing strain reversal,
and that such bending must start at the tangent-modulus load.
The load predicted by the reduced-modulus theory can never be
reached because of the assumption that a column remains per-
fectly straight until it reaches the reduced-modulus load.
Since Equation 11 was derived assuming uniform material
properties across every column section, there was some con-
cern about the possible effects of residual stresses on column
strength. Osgood (19) indicated in 1951 how the Engesser-
Shanley theory of column action may be used to evaluate such
effect. He assumed, in addition to the usual assumptions,
that the distribution of the residual stresses is the same at




plied, no appreciable deflection occurs. These conditions
may be satisfied in practice by bi-symmetrical sections and
even by a mono-symmetrical section with the axis of symmetry
normal to the plane of bending. The critical average stress
is obtained from the following equation
= ~2 ~ E~z y2dA
ocr AL
where y is the distance of any point from the axis of constant
strain, z the co-ordinate of the same point measured from the
plane of bending, EyZ the tangent modulus of elasticity cor-
responding to the stress 0yz at the point (y, z), and A the
total area of the cross-section. Computations are easier if
Equation 13 is solved for the length rather than for the
critical stress. The solution involves then the following
steps: 1) Assume a uniform longitudinal compressive strain
£a everywhere. 2) From the distribution of residual stresses
(known or assumed) and the stress-strain relationship of the
material, find the stress 0yz corresponding to £a at every
point of the cross section. The average critical stress can
be computed then from the equation:
.L ayZ dA
ocr = A
3) With 0yz known the corresponding Eyz can be obtained from
the stress-strain relation. The axis:of constant strain can
be located from the condition:
1 Eyz ydA = 0
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4) Finally, find the length of the column which is on the




By repeating the process for different £ the relation be-
a
tween the average critical stress ° and the slenderness
. cr
ratio L/V IIA can be found for any desired range.
Yang, Beedle and Johnston (20) developed in 1952 an
analytical solution to the problem of residual stresses caused
by uneven cooling of shapes immediately after hot rolling. It
requires a knowledge of the residual stress distribution and
the material properties (modulus of elasticity, yield stress).
They showed that the strength of the column can be expressed
as a function of the moment of inertia of the unyielded portion
of the cross section and the slenderness ratio:
1I'2E (Ie/I)
ocr = (L/r)2
The quantity E(I II) being a function of the axis considered,
e
the tangent modulus and the geometry of the section.
HUber and Beedle (21) extended the ideas presented in
earlier investigations (19, 20) for practical application to
WF sections. Two approaches were followed. The first method
was based on measured or assumed residual stress patterns,
and the second involved an analytical solution in which the
column strength is a function of the tangent modulus obtained
from the stress-strain curve of a stub column test and the
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slenderness ratio, with due allowance for bending about the
strong or weak axis.
Petersen and Bergholm (22) indicated in 1961 that using
the tangent modulus in formulas for predicting the load capac-
ity of cold-rolled stainless steel columns gave results which,
in general, were too low. They attributed the discrepancy to
the effects of forming and welding and developed a method to
compute the strength of columns with non-uniform properties
across the section, which do not end up at the same yield
stress after complete plastiflcation. They arrived in their
derivation at an equation identical to that found by Osgood,
·but suggested expressing Eyz as the sum of two terms:
E = E' + 11 Eyz yz (17 )
where E' is for a given load constant throughout the section;
for example, the tangent modulus of the material not subjected
to forming or welding operations, and ~E represents theyz
variable part of Eyz • By doing so, Equation l3-a is trans-
formed into:
2 ".2
L = ---- (E'I + 11 E I + ~E I )0crA c c w w (18 )
where ~Ec is the average change in E due to forming of the
corners, ~Ew is the average change in E due to welding, and
I, Ie and I w are the moments of inertia of the total area,
corner and welded material respectively about the neutral
axis, The agreement between test values and those predioted
from Equation 18 was good or nearly perfeot depending upon
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the type of stainless steel.
Karren and Winter (5) noticed the similarity between
cold-formed light-gage steel members and the case analyzed
by Petersen and Bergholm and applied Osgood's method to study
the effects of cold work on the behavior of compact columns.
By dividing the cross section in j sub-areas of approximately




where Eti is the tangent modulus of the i th element at the
average stress cr , and Ii is the moment of inertia of the
cr
same element about the neutral axis of the total cross-section.
Osgood's procedure may be simplified since the stresses are
obtained directly from the stress-strain relationships of the
different sub-areas and for bisymmetrical sections, the neutral
aXis is located at the geometrical center of the cross section.
Design formulas were for a long time exclusively of the
empirical type until 1933 when a more rational type of equa-
tion _ the secant formula _ was proposed (23). The secant
formUla did not become too popular because of its mathematical
intricacy and the fact that it requires in each case the draw-
ing of a complete column curve. To overcome this difficulty
Winter (24) suggested, in 1946, using the Johnson formula (25)
cr 2 2
cr - cr ~ (L) (20)
cr - Y - 4n2E r
which had been developed before 1890 on a curve fitting basis
and stated that it gave a very close approximation of the
values of the secant formula in the low and medium ranges of
L/r. Equation 20 has been incorporated in the specifications
of the American Iron and Steel Institute (AISI) (8) since
1946, was proposed by Bleich (26) in 1952 and by the Column
Research Council (27) in 1960, and was adopted as the basic
design formula for the specifications of the American Insti-
tute of Steel Construction, AISC (28), in 1961. Allowable
design stresses are obtained by dividing the stress ocr given
by Equation 20 by a safety factor n. This equation is not
valid for materials with a proportional limit smaller than




which is found by equating it to the Euler formula.
The effect which local buckling of thin-walled elements
can have in reducing column strength is taken into account by
introducing a form factor "Q" (7). It is merely necessary to
replace 0y by QOy' obtaining then:
2
(~) (22)
and (L) n\/ 2Er lim = QOy
This method provides adequate safety not only against actual
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collapse but also against excessive local distortions.
The test results of the investigation reported here will
be compared with the values predicted from Equation 19 using
the stress-strain curves from tensile and compressive coupons
of corners and flats. A comparison will be made also with
the column capacities computed from Equation 22 by using the
0.2% offset yield strength obtained in laterally supported
tests, the overall weighted average yield strength of the sec-
tion (Equation 7), and the average yield strength of the flats.
Finally, they will be compa~ed whenever possible with the
values obtained by direct application of Equation 11 in con-
nection with the stress-strain curve from a stub column test,
although this is not a completely rigorous procedure.
EXPERIMENTAL INVESTIGATION
Fabrication of Test Specimens
Three types of sections were investigated: one of them
with a channel configuration, i.e., a section composed mainly
of unstiffenedelements. The other two were hat and lipped
hat sections and therefore composed mainly of stiffened ele-
ments. The channel columns will be designated Series UC-l or
2, While the hat and lipped hat sections will be known as
Series SC-l and SC-2 respectively. Section configurations
and dimensions are shown in Figures 45 and 46, and Table 22.
The material and geometrical properties were such that the
Channel section columns had a Q factor ranging from 0.818 to
0.843 depending on the yield strength used in the computations,
While the hat and lipped-hat section columns had Q factors
ranging from 0.814 to 0.834, as indicated in Table 24-b.
All the sections were formed on a hydraulic press brake
with the axis of the section parallel to the direction of
rolling of the sheet. The lipped-hat sections had to be
fabricated by W-forming, i.e., the upper flange had to be
bent at the middle and straightened out after the upper bends
were made. The specimens were fabricated by putting together
two identical sections to form bi-symmetrical members (Figure
47-b). They were bonded with Epon 907, a structural adhesive
made by Shell Chemical Corporation. The faying surfaces were
rubbed with emery cloth to remove the scale, cleaned with
carbon tetrachloride, coated with a thin layer of adhesive
and clamped for twenty-four hours at room temperature. Wire
spacers, about 0.010 inches in diameter, were used between
the sections at regular intervals to insure a uniform thick-
ness of the adhesive layer along the entire column.
After fabrication, the specimens were saw-cut to the
desired length and the ends were either milled or ground flat
and parallel, and perpendicular to the longitUdinal sections.
Material's Properties
Tensile yield and ultimate strengths and compressive
yield strength of the Virgin material and the formed sections
were found in a manner similar to that described for the joist
chords or the flexural members.
Virgin Material
To investigate the virgin properties three tensile and
three compressive coupons were cut in the direction of roliiDg
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from every sheet used to fabricate a specimen. Dimensions
of the coupons were as before, i. e., standard 9 in. long for
the tensile and 3 in. x 0.5 in. for the compressive. The
average results for every sheet are presented in Table 23.
As-formed Properties
Tensile and compressive coupons of flats and corners and
their testing procedures were identical to those for the flex-
ural investigation, but a length of 1.5 inches was used for
all the compressive coupons of corners. The locations of the
tensile coupons are shown in Figures 45 and 46.
Laterally Supported Column Tests
One column of each type of section was tested with con-
tinuous lateral support to prevent local buckling of the flat
elements of the section. The lateral support was provided
by casting short lengths of the section in hydrostone within
slightly shorter lengths of pipes. Single sections were used
for the specimens LS-UC-I and LS-SC-2 but a double section
was used for the specimen LS-SC-l to facilitate centering of
the column.
A-12, SR-4 wire type electric strain gages were mounted
on each specimen as shown in Figure 47-a. The strain gages
were waterproofed with "Petrosene" wax, covered with half
sections of copper tubing split longitudinally, the edges of
the tUbing waterproofed again, and the whole assembly greased
and wrapped in aluminum foil before casting to reduce the
friction with the hydrostone. The ends of the specimens were
milled after the hydrostone had hardened as indicated before
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and placed against 1 in. thick bearing plates which were in
turn, seated against the head and table of the testing machlM
with hydrostone, as shown in the same figure. A fixed com-
pression head was used and the hydrostone was allowed to
harden for approximately one hour before each test. The load
was applied by incremental steps and held constant at each
stage while strain readings were taken by means of a strain
indicator.
Stub Column Tests
One short column of each type of section was tested with-
out lateral support. Bi-symmetrical specimens were used since
the pin-ended columns were going to be tested in that condi-
tion to prevent torsional buckling. Once the epoxy curing
period had elapsed, the ends of the specimen were milled and
placed against the bearing plates used for the laterally sup-
ported tests. The testing procedure was in all other aspects
identical to that of such tests. Strain gage locations are
shown in Figure 47-b.
Pin-ended Column Tests
Three lengths of each type of section were tested 1n a
pin-ended condition. The lengths were such that the corres-
ponding slenderness ratios were about 40, 60 and 80. In
order to study the influence of the location of corners on
the column behavior the stiffened specimens were designed so
that the hat section (series SC-l, Fig. 48) had four corners
remote from the weak axis and four close to it, while the
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lipped-hat section (series SC-2, Fig. 48) had all the twelve
corners remote from the weak axis. Since the channel columns,
composed mainly of unstiffened elements, had their corners
close to the weak axis, three additional columns (series UC-2,
Fig. 48) of the same configuration were forced to buckle about
their strong axis, as indicated below, to gain similar informa-
tion.
Flatness of the ends in the case of laterally supported
specimens was eaQily obtained by milling because the hydro-
stone provided adequate stiffening of the plate. This was
not the case for the pin-ended columns and therefore their
ends were ground rather than milled. The ground ends of the
columns were supported on knife edge fixtures parallel to and
in the plane of the weak axes of the specimens of series UC-l,
SC-l and SC-2 (Figure 49). The knife edges were parallel to
and in the plane of the strong axes of the series UC-2 speci-
mens. For the UC-2 columns lateral support was provided at
the middle by means of a heavily greased guide made of 2 1/2
x 2 1/2 in. angles (Figure 50). The desired buckling axes
of the columns were placed in the plane of the screws of the
testing machine. Four C-clamps were attached at equal inter-
vals along the column to prevent separation of the specimen
in case of failure of the adhesive. However, the epoxy did
not fail in any of the tests. A-12, SR-4 wire type electric
strain gages were fixed to the quarter points and middle of
the specimens at the locations shown in Figure 48. Four dial
gages: at the top, quarter points and middle section were used
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to measure deflections. Schematic test set-ups are shown
in Figures 49 and 50.
The specimens were visually centered before applying
any load and the centering was adjusted by means of opposing
screws at the end fixtures in trial runs up to about 2/3 of
the expected failure load. These trials were made until
readings from all the strain gages were within 5 percent and
the deflections were minimum. Then the column was unloaded
to a load between 200 and 500 pounds, depending on the speci-
men, and the final run started •. After each increment the
load was kept constant while strain and deflection readings
were taken. All the strain gages were read up to about 70
percent of the theoretical failure load and afterwards only
readings at the middle section were taken. Once the maximum
load had been reached straining was continued until the
stabilized load had decreased to about 2/3 of the maximum.
In this stage of loading, strain and deflection readings were
taken only after the load was relatively stable.
The lengths of the pin-ended columns were corrected as
indicated by Osgood (29) to take into account the larger
moment of inertia of the end fixtures.
TEST RESULTS AND DISCUSSION
Strength Distribution Across the Section
The tensile and compressive strength distributions across
the sections as well as the virgin properties are shown in
Figures 45 and 46, and the average values for flats and cor -
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ners are presented in Table 23. Percentages of change with
respect to the virgin properties are given in Table 24.
Specimens of the series UC-l, UC-2 and SC-l were made
of a semi-killed steel. Coupons from the flats showed an
average decrease of -1.0 percent in tensile yield strength
and an average increase of +0.8 percent in ultimate strength.
Average changes in compressive yield strength were -4.1 and
+2.8 percent for the unstiffened and stiffened columns res-
pectively. Since the sections were press-braked no increase
in flat's properties was expected and the above changes might
be due to natural scattering of virgin properties.
Series SC-2 specimens were made of a rimmed steel. Aver-
age changes in tensile and compressive yield strengths of
flats were -3.4 and -7.9 percent respectively. The average
ultimate strength decreased by -3.2 percent of the virgin
value. A relatively uniform strength of flats was found with
the exception of the upper flange which because of the cold-
work experienced during the W-forming mentioned before, pre-
sented at the center a tensile yield strength as high as that
of the adjacent corners.
The average tensile and compressive yield strengths of
semi-killed corners increased 43.5 and 56.0 percent while the
ultimate strength was 14.1 percent higher than the virgin
value. Corresponding figures for the rimmed corners were in-
creases of 48.5, 37.3 and 21.3 percent respectively.
The compressive yield strength distributions were very
close to the tensile distributions in all cases.
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Stress-strain curves of coupons from the same element
were averaged and used in the theoretical analyses indicated
below. They were also used in computing composite curves
and are shown in Figures 51 to 56. The 0.2% offset yield
strengths obtained from such curves are compared in Table 25
with the overall average yield strengths computed from Equa-
tion 7 and the experimental values. The composite curve
strengths are slightly lower than the computed values which
is explained by the fact that Equation 7 disregards the dif-
ference in the 0.2% offset yield strains of corners and flats.
Columns Composed Mainly of Unstlffened Elements
Comparison Between Laterally Supported and Stub Column
Tests
Figure 57 shows the stress-strain curves of laterally
supported and stub column tests for the columns composed main-
ly of unstiffened elements (series UC-l and UC-2). The stub
column curve follows very closely the laterally supported
curve up to a strain of about .003 in/in. At such strain
the stub curve starts leveling off until the maximum load 1s
reached at about 0.004 in/in. The stub column remained sta-
ble and still supported 97% of the maximum load at strains
larger than 0.006 in/in.
It can be seen in Table 25 that the 0.2% offset yield
strength obtained from the stub column test was 1.4 percent
below the laterally supported 'yield strength; 3.2 perc~nt be-
.
low the overall compression average obtained by using Equa-
tion 7 and the average yield 8tre~gths ~f corners and flat"s,
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and 3.5 percent above the average compression strength of
flats.
Local buckling was slightly visible at a stress 3.2 per-
cent below the maximum load, or 2.6 percent below the yield
strength, and strain reversal, i.e., change in sign of the
incremental strain at any location of the section, occurred
almost immediately at the edges of the unstiffened flanges.
The local buckling stress was 4.1 percent below the yield
strength from the laterally supported test, 5.9 percent be-
low the overall compression average and 0.8 percent above
the average compressive yield strength of flats. Notice that
the ratio of local buckling stress of the stub column to yield
stress of the laterally supported column was 0.959 although
the Q-values for such columns ranged from 0.818 to 0.843
(Table 24-b).
Comparison Between Analytical Column-Curves and Experi-
mental Results
Column Curves Based on a Modified Form of the Tangent
~odulus Equation - The theoretical curves obtained by using
Equation 19 and the calculated average tensile and compres-
sive stress-strain relationships obtained in tests of cor-
ners and flats are presented in Figures 58-a, 58-b, 59-a and
59-b. Equation 19 does not take into account the reduction
in strength due to local buckling and therefore the above
curves correspond to a Q value of 1.
The series UC-2 columns were tested with lateral support
at the middle section so that buckling would occur about the
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strong axis, i.e., corners far removed from the axis of bend-
ing. This was expected to result in a better utilization of
the effects of cold-work. The theoretical strong-axis curve
based on tensile properties (Figure 58-a) practically coin-
cides with the weak-axis buckling curve (Figure 58-b) for
slenderness ratios larger than about 40 and is only slightly
above it for smaller values. The strong-axis buckling curve
based on compressive properties (Figure 59-a) is always above
the corresponding weak-axis curve (Figure 59-b), but the dif-
ference between the two curves is small.
The maximum loads obtained from pin-ended tests of se-
ries UC-l and UC-2 specimens are also shown in Figures 58 and
59. The experimental points of both series are well below
the curves based on tensile properties (Figure 58, a and b)
but remarkably close to the curves based on the calculated
average compressive stress-strain relationships using tests
of corners and flats (Figure 59, a and b). Ratios between
experimental failure loads and the compressive theoretical
values ranged from 0.945 to 1.074 for columns buckling about
the weak-axis (series UC-l, Fig. 59-b) and from 0.925 to
1.054 for those buckling about the strong-axis (series UC-2,
Fig. 59-a), as indicated in Table 26. Ratios between the
loads at which strain reversal occurred and the above theoret~
ical failure loads ranged from 0.883 to 1.011 and from 0.913
to 1.039 for series UC-l and UC-2 respectively, as shown in
the same table. It should be noted that local buckling was
visible before failure occurred in ~olumn UC-ll only, the
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shortest column of the series.
Column Curves Based on the AISI Specification - Curves
based on Equation 22 and the average compressive yield strength
of flats, i.e., according to the AISI Specification (8*) are
shown in Figure 59, c and d. The experimental failure stresses
of series UC-l were from 3.0 to 14.8 percent above the cor-
responding values obtained from Figure 59-c. Corresponding
figures for the UC-2 columns were from 4.8 to 18.3 percent
above calculated values (Figure 59-d). The above findings
show that the Specification leads to conservative predictions,
especially for buckling about the strong-axis since the ef-
fects of cold-work are more beneficial in this case and the
Specification's formula neglects them completely.
Column-curves based on Equation 22 and the yield strengths
obtained from the overall compressive average (Equation 1) and
the laterally supported test are shown in Figure 58, c and d
respectively. Since they do not involve rigorous procedures,
their discussion does not seem to be justified.
Column Curve Based on the Stub Column Test - To complete
the analysis the experimental failure stresses are compared
with predictions based on the stub column test and direct ap-
plication of the tangent modulus equation (Equation 11) in
Figure 58-e. It is seen that most of the experimental failure
loads were very close to that curve, which approximately fol-
lows the theoretical curves based on calculated average com-
pressive properties of corners and flats (Figure 59, a and b)
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in the slenderness ratio range between 40 and 80.
Proposed Method to Compute Q-values of Sections with
Unstiffened Elements
It was stated before (7) that the design method based
on Equation 22 provides adequate safety not only against ac-
tual collapse but also against excessive local distortions
and therefore the higher than predicted failure loads were
not surprising. However, it was also noted that only one of
the six columns in both series showed visible local buckling
before reaching the maximum load, suggesting that the method
given in the Specification to compute the Q-values of unstif-
fened elements might give too conservative results. The Q-
values could be computed instead by considering the effective
width of unstiffened elements in a manner somewhat similar
to the one used for stiffened elements, as indicated next.
The determination of effective widths in the forthcoming
edition of the AISI Specification (8*) is based on the equa-
tion:
where




In the case where one edge is supported by a thin web while
the other, outer edge is unsupported, K is about equal to 0.5.
SUbstituting this value into Equation 3-b, and substituting
this equation into Equation 3-a results finallyln:




which applies to unstiffened elements. For stub column tests
°max may be taken as the average compressive yield strength
of flats, While for pin-ended column tests 0 may be re-
max
placed by the critical stress obtained from Equation 20.
By computing the effective width of unstiffened elements
in this manner and redefining the Q-value of channel sections
as the ratio of effective area to total area, i.e., the same
definition as for sections composed entirely of stiffened ele-
ments, the Q-values of series UC-l and UC-2 would range from
0.928 to 0.971 with averages of 0.955 and 0.945 respectively.
These averages compare well with 0.959, which was the ratio
of local buckling stress of the stub column to yield strength
of the laterally supported stub column mentioned before.
Deflections at Midheight
Figure 60 shows the relation between stress and deflec-
tion at mid-height for all the columns in these two series,
UC-l and UC-2. It is apparent that the columns had a short
stable plateau at the maximum stress followed by a gradual
drop in load with increasing deflection.
~lumns Composed Mainly of Stiffened Elements
£omparison Between Laterally Supported and Stub Column
!ests
It can be seen from Figure 61 and Table 25 that the stub
cOlumn of the hat section series (SC-I) reached only 85.2 per-
Cent of the maximum load obtained in the laterally supported
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test. When compared with the overall compressive average and
the compressive average of flats, the above figure changes to
83.2 and 88.9 percent respectively. Corresponding Q-values
were 0.817, 0.814 and 0.824. Local buckling was visible only
after the maximum load had been reached.
Lipped-hat section columns (series SC-2) had all their
twelve corners far from the buckling axis and therefore were
expected to benefit more from cold-work. The stress-strain
relationships obtained from laterally supported and stub col-
umn tests of this series are shown on Figure 62. The stub
column failed sUddenly at 83.3 percent of the maximum stress
reached when laterally supported. The ratio between the stub
column failure load and the overall compressive average was
0.869 and with respect to the average yield strength of flats
was 0.918. Corresponding Q-values were 0.817, 0.824 and 0.834.
Local buckling was not visible until failure occurred.
It is seen that for these sections Q-values calculated
by the AISI Specification method are in good agreement with
test results.
Comparison Between Analytical Column Curves and Experi~
mental Results
Column Curves Based on a Modified Form of the Tange~t
Modulus Equation - Figures 63-a, 63-b, 64-a and 64-b shOW
the theoretical column curves (Equation 19) based on tensile
(Figure 63) and compressive (Figure 64) coupon properties and
the experimental results of the hat section series (SC-l).
The curves marked "a" correspond to buckling about the strong'"
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axis while those marked Nb" refer to buckling about the weak-
axis. The theoretical curves correspond to a Q-value of 1.
The tensile and compressive curves are very close to each
other except for low slenderness ratios, where the compres-
sive curves (Figure 64, a and b) give higher values of criti-
cal stresses. Both sets of curves are above the experimental
points. The ratios between experimental maximum loads and
the values obtained from the weak-axis compressive curve
(Figure 64-b) for the corresponding slenderness ratios range
from 0.880 to 0.899, indicating that a reduction in load capac-
ity because of local buckling is mandatory. Again, local
buckling could not be visually detected before failure oc-
curred.
Figures 65-a and 66-a present the theoretical column
curves and the experimental results of the lipped-hat section
series (SC-2). They are based on tensile and compressive
properties of coupons respectively. It was found that the
strong and weak-axes curves practically coincided for this
particular section and consequently only one curve is shown
on each figure. The curve based on compressive coupon proper-
ties (Figure 66-a) gives higher critical stresses than the
tensile curve (Figure 65-a) and is always above the test
points. One of the experimental points is above the tensile
Curve. The ratios between experimental maximum loads and the
corresponding theoretical values based on a Q-value of 1 and
the Compression properties range from 0.911 to 0.986. Strain
~eversal did not occur and local buckling was not visible
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before the maximum loads had been reached, the failure being
of a sudden nature for all the columns in this s~ries.
Column Curves Based on the AISI Specification - A com-
parison between the experimental maximum loads of the hat sec-
tion pin-ended columns (series SC-l) and the values predicted
by using the Specification's formula (Equation 22) has been
made on Figure 64-c and T~ble 28. It shows that the experi-
mental points were from 13.9 to 20.8 percent above the com-
puted loads; they were even above the Q=l curve (Figure 64-d)
for the longest column. The significance of this will be dis-
cussed below.
The experimental failure stresses of the lipped-hat sec-
tion series (SC-2) were from 13.6 to 30.0 percent above the
values predicted from'Equation 22 and the average compressive
yield strengths of flats, as shown in Figure 66-b and Table 28.
The columns with slenderness ratios of about 60 and 83 resist-
ed even higher stresses than those computed from that equation
with a Q factor of 1, as can be seen from Figure 66-c, indicat-
ing again that the Specification leads to conservative resultS.
Figures 63 and 65 show also the curves Which result from
Equation 22 based on the overall average compressive (Figures
63-c and 65-b) and the laterally supported test (Figures 63-d
and 65-c) yield strengthS, for series SC-land SC-2 respective-
ly. No curves based on' the stub column tests and direct ap-
plication br th~"tangent modUlus equation (Equation 11) are
given because of the abrupt change in the tangent modulUS from
its elastic value to zero occurring in the corresponding tests
III
of both series.
Discussion - It should be noted that in all the columns
composed mainly of stiffened elements reported here, the length
of the specimen affects only slightly its ultimate strength
within the intermediate and low slenderness ratio range under
study. This agrees with findings of other investigators (5, 30),
and indicates that the shape of the basic CRC-AISI column-curve
is overly conservative for cold-formed members. This curve was
proposed by eRC on the basis of the effect of residual cooling
stresses on hot-rolled sections, with all the ~aterial ending
at the same yield strength. This is different from the situa-
tion produced by cold-work in which corners and flats end at
different yield strengths and if the section is formed by press-
braking the stress-strain relationship of flats remains of the
sharp yielding type. Therefore, for this type of forming only
the corners present a gradual yielding stress-strain curve and
since they constitute generally a small percentage of the total
area, the inelastic range of the column curve begins at a much
higher fraction of the yield stress than in the case of residual
COoling stresses. However, the difference between the actual
buckling curve and the AISI-AISC curve should be smaller for
cold-rolled than for the tested press-braked sections since not
only the corners but also the flats of the former are of the
gradual yielding type.
~eflections at Midheight
The Stress vs. Deflection at Midheight relations for all
the columns composed mainly of stiffened elements are presented
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in Figure 67. With the exception of the shortest columns in
each group, which presented a rather quick drop in load after
reaching the maximum stress, the other four columns maintained
the maximum load while the deflections were rapidly increasing
but when failure finally occurred the drop in load was much
steeper than for any of the channel section columns. This
seems to indicate that for these shapes there is no ground to
institute a variable safety factor in the low and medium
slenderness range.
SUW1ARY AND CONCLUSIONS
Test results of eighteen light-gage carbon steel columns,
centrally loaded, have been presented and compared with theoret-
ical predictions and the AISI specification's formula (8). All
the specimens were fabricated by press-braking into three con-
figurations: channel, hat and lipped-hat. The channel section
was composed mainly of unstiffened elements while the hat and
lipped-hat were mainly stiffened sections. The specimens were
designed or tested in such a manner as to have either many or
few of their corners far from the buckling axis, so that the
influence of location of cold-worked portions could be more
easily detected. All the sections were "non-compact" accord-
ing to the AISI specification (8), with average Q values of
0.84, 0.82 and 0.83 respectively. A stub column test, a lat-
erally supported stub column test (to eliminate local buckling)
and three pin-ended column tests of different lengths were car~
ried out for each type of section. In addition, three pin-
ended channel col~n8 were forced to buckle about their strong~
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axes. The results are summarized as follows:
(1) The yield and ultimate strengths of flats were rela-
tively uniform across the sections except for the top flange
of the lipped-hat, which was bent during the forming process
and later straightened out. Average changes in tensile yield
and ultimate stren8ths were -1.8 and -0.5 percent of the vir-
gin values respectively. The average decrease in compressive
yield strength was -3.1 percent. These figures are not sig-
nificant since they are within the natural scattering range of
virgin properties.
(2) Corners experienced increases of 45.2 and 16.5 in
their tensile yield and ultimate strengths respectively, while
the average increase in compressive yield strength was 49.8
percent.
(3) The compressive yield strength distributions were very
close to the tensile distributions in all cases.
A - Channel Tests (chiefly unstiffened elements)
(4) The stub column curve of the channel followed very
Closely the laterally supported curve up to about the 0.2% off-
set yield strength. The stub column was very stable, sustain-
inb 97% of the maximum load at strains larger than 0.006 in/ln.
Local buckling was slightly visible at a stress 4.1% below the
yield stress obtained from the laterally supported test, or
5.9% below the overall compressive average yield strength or
0.8% above the average yield strength of flats. The ratio of
local buckling stress of the stub column to yield stress of the
laterally supported column was 0.959 although the Q values for
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such columns ranged from 0.818 to 0.843.
(5) The strong and weak-axes column curves obtained from
a theoretical analysis disregarding local buckling are very
close to each other. The test results of pin-ended channel
columns were well below the column curves based on tensile
properties but remarkably close to those based on the calcu-
lated average compressive stress-strain relationships using
tests of corners and flats. Ratios between experimental fail-
ure loads and the compressive theoretical values ranged from
0.945 to 1.074 for columns buckling about the weak axis (series
UC-l) and from 0.925 to 1.054 for those buckling about the
strong axis (series UC-2). Ratios between the stresses at
which strain reversal was first noticed and the theoretical
failure stresses ranged from 0.883 to 1.011 and from 0.913 to
1.039 for series UC-l and UC-2 respectively.
(6) The experimental failure stresses of series UC-l were
from 3.0 to 14.8 percent above the corresponding values com-
puted from the AISI specification formula using the average
compressive yield strength of flats. Corresponding figureS
for the UC-2 columns were from 4.8 to 18.3 percent above cal-
culated values. Although the Specification's method is in-
tended to prevent not only failure but also excessive distor-
tion, and failure loads larger than predicted should be ex-
pected, it was noted that local buckling was visible before
failure occurred in one test only. The above findings shoW
that the Specification leads to conservative predictions,
especially for buckling about the strong axis since the effects
.. . '.,
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of cold-work are more beneficial in this case and the Speci-
fication's formula neglects them completely. If the Q values
are computed by considering the effective width of unstiffened
elements in a manner somewhat similar to the one used for stif-
fened elements, they would range from 0.928 to 0.971, with av-
erages of 0.955 and 0.945 for series UC-l and UC-2 respective-
ly. These averages compare well with 0.959, i.e., the ratio
of local buckling stress of the stub column to yield strength of
the laterally supported stub column mentioned in point (4) above.
B - Hat Section Tests (chiefly stiffened elements).
(7) The stub column tests of the hat (series SC-l) and
lipped-hat (series SC-2) sections showed sudden failure at
85.2 ~nd 83.3 percent of the stresses reached in the respec-
tive laterally supported tests. Calculated Q values, based on
the laterally supported yield strength, were 0.817 for both
series. When compared with the calculated overall compressive
average and the measured compressive average yield strength of
flats, these figures change to 83.2 and 88.9 percent for the
SC-I columns (Q = 0.814 and 0.824) and 86.9 and 91.8 percent
for the SC-2 (Q = 0.824 and 0.834). It is seen that for these
Sections Q-values calculated by the AISI Specification method
are in good agreement with test results.
(8) For the column buckling tests, the ratios between ex-
perimental failure loads and theoretical predictions disregard-
ing local buckling ranged from 0.880 to 0.899 for series SC-l
and from 0.911 to 0.986 for series SC-2, indicating that con-
Sideration of local buckling by the Q-method 1s mandatory. Here
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again, it seems that having the corners far from the buckling
axis helped to delay the development of local buckling.
(9) The experimental failure stresses of series SC-l
columns were from 13.9 to 20.8 percent higher than those pre-
dicted from the Specification, using the Q factor. Correspond.
ing figures for the SC-2 columns ranged from 13.6 to 30.0 per-
cent above the specified values. This points out, again, the
conservative nature of the Specification's method.
(10) It was found in all the columns composed mainly of
stiffened elements reported here that the length of the speci-
men affects only slightly its ultimate strength within the
intermediate and low slenderness ratio range under study.
This agrees with the results of other investigators, and indi-
cates that the shape of the basic CRC-AISI column-curve is
over conservative for cold-formed members. It should be
remembered that this curve was proposed by CRC on the basis
of the effect of residual cooling stresses on hot-rolled sec-
tions, with all the material ending at the same yield strength.
This is different from the situation produced by cold-work in
which corners and flats end at different yield strengths and
if the section is formed by press-braking the stress-strain
relationship of flats remains of the sharp yielding type.
Therefore, for this type of forming only the corners present
a gradual yielding stress-strain curve and since they consti-
tute generally a small percentage of the total area, the in-
elastic range of the column curve begins at a much higher
fraction of the yield stress than in the case of residual
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cooling stresses. However, the difference between the actual
buckling curve and the AISI-AISC curve should be smaller for
cold-rolled than for the tested press-braked sections since
not only the corners but also the flats of the former are of
the gradual yielding type.
C - General
(11) Experimental failure stresses were very close to
a column-curve based on direct application of the tangent
modulus equation and the stub column stress-strain relation-
ship in the case of-series UC-l and UC-2. Such a curve ap-
proximately follows the theoretical curves based on average
calculated compressive properties of corners and flats in the
slenderness ratio between 40 and 80.
(12) Load vs. Midheight Deflection diagrams of the UC-l
and UC-2 column series show a short stable plateau at the
maximum load followed by a gradual drop in load with increas-
ing deflection. The shortest of the hat section columns (series
8C-l and SC-2) experienced a quick drop in load after reaching
the maximum stress; longer columns maintained the maximum load
while the deflections were rapidly increasing but after failure
the drop was much steeper than for any of the channel section
columns. This seems to indicate that for these shapes there
1s no ground to institute a variable safety factor in the low
and medium slenderness range.
(13) It is finally concluded that the Specification's
methOd leads to conservative results, for the reasons indi-
Cated in point (10) above, especially for sections with cor-
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ners located far from the buckling axis. The degree of con-
servatism seems to be larger for stiffened than for unstiffened
columns and is probably larger for press-braked than for roll-
formed shapes. A more rational approach would be to predict
the failure loads by using Equation 19 and the average calcu-
lated compressive stress-strain curves from tests of corners
and flats, with adequate provisions for local buckling. It
is believed that this might be accomplished by using the ef-
fective width of each sub-element in computing the moments of
inertia to be used in the above equation. However, the amount
of work involved would considerably exceed that which is
usually accepted for routine design.
v - BEHAVIOR OF MONOSYMMETRICAL COLUMNS WITH NON-HOMOGENEOUS
PROPERTIES ACROSS THE SECTION> UNDER INCREASING LOAD
INTRODUCTION
From the preceding chapters it can be seen that light-
gage carbon steel cold formed columns have non-homogeneous
properties across the section. The flats of those formed
by press-braking experience little if any cold work during
forming and therefore their as-formed stress-strain relation-
ship remains of the sharp yielding type. Corners, on the
other hand, are subjected to heavy cold work which results
in increased strength properties and generally a gradual
yielding type relationship between stress and strain.
Typical curves are shown in Figure 68. A similar situation
eXists for light-gage cold formed stainless steel and alu-
minum members although for them the stress-strain relation-
ship of flats is also of the gradual yielding type (11, 31).
An interesting phenomenon occurs when one of these
sections is subjected to an increasing load applied concen-
trically at the beginning of loading (i.e., at the geomet-
rical centroid). Because of the non-homogeneous properties
and because the corners are not symmetrically located about
the non-symmetry axis there is a shifting in the position
of the neutral axis as soon as the average stress exceeds
the value at which the stress-strain curves of flats and
corners separ~te (point A in Figure 68). As a result the
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column loaded at its centroid in effect becomes eccentrically
loaded; bending starts, and a uniform strain distribution no
longer. exists.The effective eccentricity changes with increas a
ing load beyond the limit stated before. It is possible then
for the column to become instable or for the most stressed cor-
ners to reach a certain defined limiting stress (for example,
the 0.2% offset yield strength) at a lower load than that pre-
dicted by a buckling analysis of the column assumed to be con-
centrically loaded at all stages o~ the test. The mode of
failure depends on the geometry of the section, material prop-
erties and slenderness ratio. A similar situation occurs when
dealing with non-compact sections.
Various methods and approaches of varying degree of rigour
for analyzing this complex problem are discussed here. For
the sake of simplicity the analysis is illustrated for a com-
pact carbon steel column and is followed by remarks on how to




Figure 69-a shows an idealized compact lipped-hat section
and its more general simplified representation. It is assumed
that an increasing load is applied at the centroid of the sec-
tion, that the principal axis of non-symmetry a-a is. the minor
axis, and that the column is pin-ended and adequately braced
against torsional-flexural buckling. Additional assumptions
are that cross sections remain plane during bending and that
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the same relation exists between stress and strain at each
element as in the case of simple compression; in this example
the stress-strain diagrams in Figure 68.
If the average stress is defined by:
where P = applied load
A = total area
= P
A (24)
then for values of cr from zero to 0A the stresses are uni-av
form all across each section and their resultant coincides
with the geometrical center. The column remains straight un-
less the EUler load (3~ is reached:
Where PE = EUler buckling load
E = Young's modulus of elasticity
I = moment of inertia about the minor axis
L = length of the column
in which case the column will buckle. If buckling does not
OCCur in this interval then the strain and stress distributions
across the section are those represented in Figure 69-b(1).
As soon as the average stress surpasses 0A the relation
between stress and strain is no longer linear for the corners
and because of their unsymmetrical distribution about the
minor axis a-a there is a shifting of the neutral axis which
no longer Coincides with the line of action of the applied load.
This reSUlts in bending of the column, as indicated by the
(19 )
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strain and stress distributions shown in Figure 69-b, 2 to 5,
for any section of the column at different stages of loading.
Critical Load Neglecting the Effective Eccentricit~
If the bending resulting from the shift in neutral axis
were neglected, then for average stresses larger than 0A' the
critical load would be given by Equation 19 (5, 22):
1f2 t EtiI i
Per = L2
where Per :: critical load
Eti :: tangent modulus for sub-area i at the stress
ocr = PerlA
Ii :: moment of inertia of sub-area i with respect to
the minor axis.





where the terms have the meaning indicated in Figure 69-a.
Critical Load Considering the Effective Eccentricity
For each load P there will be one € axis such that that
a
particular load applied along that particular axis will produce
uniform compressive strain across the entire section. There-
fore, when P is applied along the £a axis corresponding to that
P:
where Oaf = stress in the flats corresponding to. £a
(27)
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0ac = stress in the corners corresponding to €
a
Af = area of the flats
Ac = area of the corners
In the Elastic range the € -axis coincides with the centroidal
a
axis. For loads beyond the elastic range, the location of the
£a axis will be different for successively increasing loads,
the axis shift being caused by the difference in stress incre-
ments of corners and flats produced by the same strain incre-
ment.
It is convenient to split the stress at any point ° in
two parts:
(28)
Where 0a represents the stress due to €a and ab represents





Where for any particular P the effective eccentricity at the
end e is the distance from the centroid to the €a axis pertain-
ing to that P, and y is the deflection of the column (Figure
70-c) •
Equation 29 is used in determining the position of the
€a-axls. It can be" solved easily when the flats are fully
Plastifled; otherwise, the solution can be found only by trial
and error. The reference axis for the internal moment in
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Equation 30 may be chosen arbitrarily since the bending stress-
es form a couple.
equilibrium is no longer possible between the internal and
external bending moments. It would proceed as follows:
1 - Assume a strain distribution, i.e., £1 and £2 and a
linear variation between them across the section, such that:
(31 )
From the stress-strain relationships of corners and flats
find the corresponding stress distribution and the resultant
force:
P = Jo dA




2 - By using Equation 27 determine by trial and error
£a' oaf and °ac
from:
The position of the £-axis can be located
a
and the result may be checked by using Equation 29.
3 - From th~ definition Of·the € axis:
a




and taking this value into the left side of Equation 30 it
is possible to compute the moment:
(30-a)
The result may be checked by using the right side of the same
equation. The corresponding curvature is given by:
(36)
and since in the inelastic range moment and curvature are
related by the reduced modulus:
If.. 1 M
't' = P = ErI
we can finally solve for ErI,
(37)
(37-a)
Now, by varying £1 and £2 in such a manner that the average
stress remains constant it is possible by using Equations 30-a,
37-a and 36, to obtain the moment and the flexural rigidity as
functions of the curvature for that particular value of average
stress. Repeating the process for different loads, curves of
the type shown in Figure 70-a could be drawn.
Equilibrium at the end of the eccentrically loaded column
requires that x as found by Equation 28 coincides with theR
geometrical center of the section, xcg ' For each average
stress this condition is satisfied only by a particular strain
distribution which has to be found by trial and error. Since
there is no deflection at the end, Equation 35 reduces to:
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e = x xa - cg
The moment at the end will be then:
(35-a)
(30-b)
These end conditions will be used in determining the shape of
the deflected column by approximate methods of graphical or
numerical integration as indicated next.
For a chosen value of average stress assume a certain
curvature for the middle section $m' larger than the curvature
at the end $end. Read the corresponding Mm from Figure 10-a,
and find the deflection at the middle from Equations 24 and 30:
M
Y - m em - C1 A-
av
Next, assume the curvature constant and construct an element
0-1 of small length a (Figure 10-c) by using (35):
$m 2
01 = 2 a
since the deflection at the cross section 1 is approximatelY
the same as for a flat circular arc. The bending moment at
1 will be then:
(~O)
and the corresponding curvature $1 can be found from Figure
70-a. To obtain a better approximation it is convenient to
repeat the calculation for the first interval by taking the
curvature ($m + $1)/2 before going to the second interval.
. isUsing the new curvature the second portion 1-2 of the curve
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constructed and the deflection 02 calculated. This process
is continued until the condition
where n indicates the number of the interval, is satisfied.
Then, the length of the column may be approximated by linear
interpolation:
L = 2a ( n + (42)
Repeating the process for several values of ~m' keeping always
the same average stress 0av' the deflection a as a function of
the column length L is finally obtained for that average stress.
Such relation can be expressed graphically by the particular
curve in Figure 70-b corresponding to the average stress under
consideration. Repeating the whole procedure for several val-
ues of 0av larger than 0A' the other curves in Figure 70-b are
obtained. Each curve in this figure is associated with the
particular value of effective eccentricity e corresponding to
its average stress, which is a major difference from Figure 3-12
of Reference 35. It is seen that each of the curves peakes at
a certain value of L/r, which gives the maximum slenderness
ratio at which the column can carry the compressive load
p =0avA. Plotting those maximum values of L/r vs. the cor-
responding average stresses 0av results in a column curve based
On an exact stability analysis.
Approximate _ The above procedure is very lengthy and may
be simplified by assuming a deflected shape of the column, such
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as a part of a cosine curve (36):
1TZ
e + y = (e + Ym) cos L' ( 43)
where the terms are defined on Figure 70-d. Taking first and
second derivatives of Equation 43 and applying the boundary
conditions at z = 0 and z = L/2 results in:
(44)
and
L = (1f/l'l cos (e : Y
m
) (~5)
By using Equation 45 the approximate methods of graphical or
numerical integration to determine the shape of the deflected
column (Equations 39 to 42) are eliminated. To check the
closeness of the above approximation to the actual shape, the
curvature at the end found from Equation 36 may be compared
with the one derived from-Equation 43, i.e.,
( 46)
Yielding of the Extreme Fiber as Failure Criterio~
Even with the above simplification the critical load
based on a stability criterion 1s difficult to obtain, a fur-
ther simplification would be the following: assume that the
stress-strain curves are as in Figure 68, i.e., the flats are
sharp yielding and the corners gradual yielding. Then the
failure will be defined as that load at which the most stressed
corners reach the O.2~ offset yield strength. The definition
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of failure load as the load which produces the beginning of
yielding in the highest stressed fiber has been proposed by
Ostenfeld (37) and Young (38). It is assumed that since both
bending and direct stresses increase with increasing load P
no strain reversal will occur on the convex side of the de-
fleeted column at the instant at which the critical load is
reached. This simplified method would consist then of the fol-
lOWing steps:
1 - Assume £2 at the end section and find by trial and
error an £1 such that the resultant of the corresponding stress
distribution is located at the geometrical center of the sec-
tion. The average stress and the location of the resultant
are found from Equations 24,32 and 33, and the geometrical
center from Equation 26.
2 - Separate the stress distribution into direct and bend-
ing stress diagrams as indicated in step 2 of the stability
analysis, and find the eccentricity, moment, curvature and
flexural rigidity at the end by using Equations 34, 35-a, 30-b,
36 and 37-a.
3 - Proceed now with the conditions at the middle section.
Assume £1 equal to the yield strength of the corners and find
by trial and error an € that results in an average stress of
2
the same value found in step 1.
4 _ Separate the bending stresses as in step 2, and com-
pute the deflection, moment, curvature and flexural rigidity
at the middle from Equations 33, 35, 30-a , 36 and 37-a.
5 - a) Assume that the shape of the deflected column is
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given by Equation 43 and compute the column length L from
Equations 44 and 45, or b) if "a better estimate of the length
producing yielding of the mo~t stressed corners at a certain
average stress is needed, it might be obtained by determining
the shape of the deflected column by graphical or numerical
integration as indicated before in the stability analysis.
Repeating these five steps for increasing values of £2
at the end, it is possible to plot the relation cr
av
vs. L/r
which will produce yielding of the most stressed corners.
An example of this method of analysis is presented in
Appendix A. The stress-strain relationships used there were
obtained from tests of section SC-2 described in Chapter IV.
The curve for the corners was apprOXimated for convenience by
a Ramberg-Osgood equation (39, 40). It was found that the
curvatures at the end computed from Equation 46 on the cosine
curve assumption were more than two or three times the curva-
tures calculated from the strain distributions and
Equation 36, for average stresses smaller than the yield
strength of flats; this indicates that the assumption of a
cosine curve for deflected shape of the column is unrealistic
when the critical stress is below the yield strength of flats.
The error in end curvatures for average stresses larger than
the yield strength of flats ranged from 98 percent for the
lower stresses to about 8 percent for the higher values.
An alternative procedure was considered then. The maxi,
mum moment in an elastic beam-column SUbjected to equal moments
at the end 1s given by Timoshenko (35):
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where u = h""l fP2VEf
(47)
(48)
Equation 47 can be written as:
u = oos-l ( M~:d I (47-a)
Taking this expression into Equation 48 and solving for L will
give:
L = 2 -Jff oos-l (M~:d I (49)
Since Equations 47 and 48 were derived based on elastic bend-
ing, presumably they might be extended into the inelastic range
by using the reduced modulus E. Equation 49 would become then:
r
L = 2I/E~I oos-l ( M~:d I (49-al
We are faced however with a variable flexural rigidity along,
the column and only the upper and lower boundaries of the fail-
ure length can be found from Equation 49-a. The upper boundary
will result from assuming the flexural rigidity along the en-
tire column to be equal to that at the end constant. Taking
Equations 37-a and 30 into Equation 49-a gives:
-V P e -1 [ P e ]Lupper = 2 .end p cos p(e+ym'
and simplifying:
Lupper = 21/~:nd oos-l (e+;m) (50)
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Assuming now the flexural rigidity along the column to be that
at the middle section and performing the same transformations
leads to the lower limit:
(51)
Notice that by taking Equation 44 into Equation 45 an expres-
sion identical to Equation 51 is obtained. It has been found
therefore, that assuming a part of a cosine curve as the shape
of the deflected column is equivalent to taking the lower bound·
ary of the failure lengths. The upper and lower boundary val-
ues were relatively close to each other in the example of Ap-
pendix A for average stresses larger than the yield strength
of flats, but differed greatly for values smaller than such
yield strength, as can be seen from Figure 71. Since the ec-
centricities are very small for average stresses smaller than
the yield strength of flats (e/h < 0.002 in this case), it is
believed that for those stresses the critical length will be
close to the values given by Equation 19 and the lower boundary
curve should be discarded in that region.
It is unfortunate that no test evidence is available to
check the above procedures. It can be concluded from the anaU·
sis of the lipped-hat section shown in Figure 71 that the loads
causing yielding of the corners are below the buckling loads
computed by neglecting the effective eccentricity of the load-
ing. The maximum unconservative difference between the twO
values was approximately 7 percent in this particular example
. leld-and occurred at the slenderness ratio producing complete Y
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ing of the section. The difference between the two values
could be larger for other geometrical characteristics and mate-
rial properties.
NON-COMPACT SECTIONS
In dealing with non-compact sections, the only difference
in the above procedures is that each determination of stresses
requires one to find the corre~ponding effective area before
eomputing the resultant of the internal forces and its position.
The complications produced by this additional step are relative-
ly minor if the non-compact elements are parallel to the bend-
ing aXis; otherwise, the problem becomes extremely involved.
GRADUAL YIELDING MATERIALS
Sections made out of materials with gradual yielding stress
strain curves for both corners and flats, such as stainless
steel, may be analyzed by similar methods but the trial and
error procedure will increase in complexity and number of re-
quired cycles. The elements perpendicular to the bending axis
Should be sub-divided and the numerical integration could be
performed by using an electronic computer, which would require
mathematical expressions relating stress vs. strain of corners
and flats.
SUMMARY AND CONCLUSIONS
Because of corners unsymmetrically distributed relative
to the non-symmetry axis, concentrically loaded monosymmetri-
cal columns with non-homogeneouS properties across the section
become eccentrically loaded as soon as the average stress ex-
ceeds the value at which the stress-strain curves of flats and
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corners separate. Various methods and approaches of varying
degree of rigour for analyzing this problem of considerable
complexity are discussed here. They are summarized in decreas-
ing order of rigour.
Computational Methods
I - Based on a Stability Analysis
(1) The exact procedure is a modification of the one given
by Karman and Chwalla (33, 34, 26) and is based on a definition
of failure as that critical load at which stable equilibrium
is no longer possible between the internal and external bending
moments. Starting from an assumed strain distribution it is
possible to obtain the moment and flexural rigidity as func-
tions of the curvature for the particular value of average
stress corresponding to the assumed strain distribution. Re-
peating the process for different loads, several curves (one
for each average stress) relating moment and curvature can be
drawn. By using these curves and the conditions at the ends,
the shape of the deflected column may be determined by approxi-
mate methods of graphical or numerical integration, and the
deflection 6 as a function of the column length L 1s finally
obtained for each average stress. The peaks of the curves
showing the above relation give the maximum lengths at which
the column can carry the corresponding average stresses.
(2) A simplification of the procedure is to eliminate the
determination of the deflected column shape and assume instead
that it follows a portion of a cosine curve.
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II - Yielding of the Extreme Fiber as Failure Criterion
(3) The failure load is defined as the load which produces
the beginning of yielding in the highest stressed fiber. This
definition determines the strain distribution at the middle
of the column, which has to be found by trial and error, for
each average stress. The strain distribution at the ends is
found from the condition that the resultant of the correspond-
ing stress distribution has to be located at the geometrical
center of the section. Knowing the moments and curvatures at
the end and middle sections it is possible to compute the
flexural rigidities at those locations and calculate upper and
lower bounds of the critical length for that average stress.
This is done by extending into the inelastic range the equations
for the maximum moment in an elastic beam-column, by using the
reduced modulus concept.
(4) A variant of the above method is to determine the
shape of the deflected column by graphical or numerical inte-
gration which satisfy the conditions at the end and middle
sections described in point (3), resulting in a critical column
length in a similar manner to that indicated in point (1).
(5) of method 11-4 is to assume theA simplification
shape of the deflected column to be part of a cosine curve and
from this assumption and the conditions at the end and middle
sections to determine the critical column length. It was
found that this method leads exactly to the same values given
by the lower boundary of method 11-3.
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III - Neglecting the Effective Eccentricity
{6} If the bending resulting from the shift in neutral
axis were neglected, then the critical load would be given by
Equation 19, a modified form of the tangent modulus equation.
Discussion
It is unfortunate that no test evidence is available to
check the above procedures. From the analysis of a common
lipped-hat section made of ordinary carbon steel, the follow-
ing conclusions are derived:
{7} The simplest method of analysis is to neglect the
effective eccentricity (III-6). In this particular example to
do so results in a maximum error of about 7 percent on the un-
conservative side and occurs at the slenderness ratio producing
complete yielding of the section.
(8) Methods 11-3 and 11-5 are lengthy because of the
trial and error procedure involved, but still within the practi-
cal range. Both methods have the same degree of complexity and
therefore method 11-3 should be preferred since it gives both
upper and lower bounds of critical stress.
{9} The upper and lower boundary values obtained by
method 11-3 were relatively close to each other in this example
for average stresses larger than the yield strength of flats,
but differed greatly for values smaller than such yield strengW.
Since the eccentricities are very small for average stresses
smaller than the yield strength of flats (e/h < 0.002 in this
case) it is believed 'that for those stresses the crttlcal load
will be close to the values given by Equation 19 (method 111-6)
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and that the lower boundary curve (and consequently method II-5)
should be discarded in that region.
(10) Method 11-4 would probably give values between the
upper and lower boundaries of method II-3 and the extra amount
of work involved is not believed to be justified.
(11) Methods I-I and 1-2 are very lengthy. Predictions
of critical stresses based on these methods are expected to
be between the upper boundary of method II-3 and the values
obtained by neglecting the effective eccentricity, method III-6.
Since the maximum difference between these two values seems to
be very small (point 7 above), methods I-I and 1-2 are thought
to be only of academic interest.
(12) It is finally concluded that at least for sections
of the type and material properties used in this example, to
neglect the effective eccentricity is of no practical conse-
quence. If one wants to take account of this effect, method
11-3 is recommended as reasonable. These conclusions are tenta-
tive since they are based only on one example and test evidence
1s not available to permit comparison.
VI - OVERALL SUMMARY AND CONCLUSIONS
Cold-forming causes a significant increase in yield
strength of corners of light gage steel members. When the
sections are formed by cold-rolling, increases in yield
strength of flat elements also may be large. Because of the
economical value of Cold-Formed Steel Construction, it is
important to know the effects of cold-work on the material
properties and structural behavior of light gage members to
better understand and utilize the strengthening produced by
the forming process.
This report is the third phase in a long range investi-
gation on the effects of cold-work and covers topics not
studied, either at all or in sufficient detail, by earlier
investigators. The topics investigated herein are: a) As-
formed strength of joist chord flats; b) Strength of flexural
members; c) Column buckling of non-compact bisymmetrical sec-
tions; and d) Analysis of monosymmetricalcolumns with non-
homogeneous properties across the section, under increasing
load.
These four topics, although all related with effects of
cold-work on light gage steel structural members, are some-
what independent from each other and for this reason detail-
ed summaries and conclusions are given at the end of each
chapter rather than at the end of the report. The reader is
referred to these for detailed information on each particU-
lar topic; the following is only a brief overall review.
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a) As-Formed Stren~th of Flats
No theoretical method is available to predict the as-
formed strength of cold-rolled flats and because of the
many factors involved such a prediction has to be made on a
statistical basis. Coupons of flats from 32 joist chord
sections showed increases in average yield strength as large
as 54 percent over the virgin yield strength. Ninety per-
cent of the sections offered average increases in yield
strength of flats greater than 8 percent over the virgin
value. In ten percent of the sections the ultimate strength
decreased by more than 9 percent below the virgin ultimate.
It was found that the benefit from cold-work will be greater
the thicker the gage, the lower the virgin yield strength,
and the higher the virgin ultimate to yield strength ratios.
b) Strength of Flexural Members
Six light gage beams were tested and the results compar-
ed with theoretical predictions. Estimates of the Moment-
Curvature relationship based on the as-formed tensile yield
strength of flats and corners were close to the experimental
Curves and on the conservative side. The best estimates of
ultimate capacity for the most ~ompact sections of the group
were obtained by the Plastic Hinge method with the as-formed
tensile properties. Non-compact hat sections may not be
able to develop enough rotation prior to failure, to use the
increased strength of the corners. A proposed design method
based on the Elastic Section Modulus and an overall weight-
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ed average tensile yield strength gave conservative predic-
tions and resulted in an average gain of 15.3 percent when
compared with the values computed using the virgin proper-
ties. For this reason and because of the method's simplic-
ity, the proposed design method is recommended. Allowable
deflections rather than strength might become the limiting
factor in designing this type of sections. Results of other
investigators are discussed.
c) Column Buckling of Non-Compact Bisymmetrical Sections
The inelastic buckling behavior of channel, hat and
lipped-hat sections connected to form non-compact blsym-
metrical columns was investigated. The experimental re-
sults of the channel section columns followed closely the
theoretical column curves based on a modified form of the
tangent modulus equation disregarding the effects of local
buckling, and suggested that the method given in the AISI
Specification (8) to compute the form factor Q of sections
composed mainly ofunstiffened members is overconservative.
A modification of the method was proposed. For the hat
and lipped-hat section columns the experimental results were
below the column-curves based on the modified form of the
tangent modulus equation, indicating that consideration of
local buckling by the Q-method 1s mandatory for sections
composed mainly of stiffened ~lements. Q-values of hat and
lipped-hat sections calculated by the AISI Specification
method were in good agreement with test results. It was
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found for all the three types of sections studied here that
the Specification's column equation leads to conservative
results, especially for sections with corners located far
from the buckling axis. The degree of conservatism seems
to be larger for sections composed mainly of stiffened ele-
ments than for those mainly with unstiffened elements.
d) Analysis of Monosymmetrical Cold--Formed Columns
Several original methods and approaches of varying
degree of rigour for analyzing monosymmetrical columns with
non-homogeneous properties across the section are discuss-
ed. Because of corners unsymmetrically distributed rela-
tive to the non-symmetry axis, these sections become eccen-
trically loaded as soon as the average stress exceeds the
value at which the stress-strain curves of flats and corners
separate. An example illustrates the differences obtained
by neglecting or considering such effective eccentricity.
It was tentatively concluded that at least for sections of
the type and material properties used in this example, to
neglect the effective eccentricity is of no practical con-
sequence.
APPENDIX A
EXAMPLE OF BUCKLING ANALYSIS OF A
MONO-SYMMETRICAL SECTION COLUMN
Material Properties
Flats = 40 ksi
I. SOc;
.------'
Corners cr e = 60 ksiy
E = 29.5 x 103 ksi
Section Properties
Af1 = 0.20 in
2
Af2 = 0.10 in
2
Aw = 0.50 in
2
Ae1 = 0.10 1n
2
Ae2 :: 0.20 in
2
A = 1.10 in2
leg:: 1.195 in4x = 1.25 ineg
r = 1.042 in.
crA = 35.0 ks1
EA :: .001187 in/in.
Eye = .004030 in/in.
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(x 106) (k_in2 x 10-3)
cr
ksi (H) (in) -r
750 22.12 24332 35.340 119.6 114.8
1000 29.47 32420 34.935 103.1 99.0
1200 35.28 38805 33.880 92.8 89.1
1300 38.08 41885 33.041 88.2 84.7
1350 39.46 43406 32.526 86.0 82.5
1360 39.64 43601 10.936 49.8 47.8
1410 40.00 44000 10.23 47.9 46.0
1500 40.52 44570 9.19 45.1 43.3
1750 41.66 45830 6.70 38.0 36.5
2000 42.48 46730 4.97 32.4 31.1
2750 44.05 47455 2.62 23.1 22.2
4030 45.45 50000 1. 41 17.5 16.8























24759 22.51 0 0 a
32635 29.67 -41 -0.4 -.0134 -71321 -1612 -23.276
38740 35.22 -144 -1.6 -.0558 -42105 -1417 -16.312
43370 39.42 -377 -5.6 -.1574 -25131 -1256 -10.899
44300 40.27 .282 15.2 .1249 10679 1139 4.731
44700 40.64 653 38.0 .2919 9900 1121 4.425
45820 41.65 1654 140 .7579 7601 1060 3.483
46720 42.47 2421 300 1.1339 5852 914 2.734
47640 43.31 3184 600 1.5169 3129 846 1.967
48000 43.64 3412 180 1.6661
II - Considering E:f:fective Eccentricity (cont)
p (J (ErI)end (E I) L L (ct>end) (ct>end)av e <5
un (ks1) r m - - h
xl0-3 xl0-3
r upper r lower c c h
ct>end (x 105)
(k-1n2 ) (k_1n2 )
24759 22~51 35.340 35.340
32635 29.67 35.263 14.439 99.1 63.4 -0.9 2.368 -16.4 -.28512
38740 35.22 34.875 11.510 90.2 51.9 -4.8 3.000 -57.6 -.16784
43370 39.42 28.107 8.678 76.0 42.2 -18.8 3.357 -150.8 -.09902
44300 40.27 8.217 4.153 40.4 28.7 30.1 1.980 112.8 .04159
44700 40.64 7.682 3.948 37.9 27.1 73.9 1.945 261.2 .03699
45820 41.65 5.414 3.286 28.2 22.0 231 1.650 661.6 .02379
46720 42.47 3.780 2.807 19.7 17.0 404 1.347 970.8 .01370
47640 43.31 2.528 2.325 9.6 9.2 652 1.087 1273.6 .00378





OBSERVATIONS ON KARREN'S FORMULA TO
PREDICT THE YIELD STRENGTH OF CORNERS
Applicability of Karren's Formulas to Large R/t Ratios






Be = 3.69 (a; )- 0.819 kl -1. 79 (9)
(10)m = 0.192 (:;1 - 0.068
has arisen recently in regard to their applicability to large
Hit ratios. It has been pointed out that the limit of corner
yield strength for very large HIt ratios should be the yield
strength of the virgin material. However, from Equation 8 it
can be seen that such a limit is reached when:
(Bl)
For a given material (J /a is fixed and therefore Band m
u y , c
as given by Equations 9 and 10 are constant. Taking logarithmS
of both sides of Equation Bl results in:
(B2)
146
or Rtn t (B3)
147
For example, if (JulOy = 1.40, then m = 0.20, Be = 1.78, and
solving Equation B3 for these values results in R/t = 17.8.
Applying Equation 8 to Hit ratios larger than this would re-
sult in a yield strength of corners lower than the virgin
yield strength, which is absurd.
However, Karren clearly stated that Equation 8 "should
not be used for R/t ratios in excess of about 7.0 without
further verification, because no corner specimens were tested
beyond that range". Further insight into the derivation of
the above equations allows one to realize that for each mate-
rial there is a limiting Hit beyond which one of the basic
assumptions is violated; namely, that elastic strains are
negligible as compared to plastic strains. The following
table, computed for a material with t = 0.060 in., 0 = 40
Y




19.2 0 . .050
37.4 0.100
Therefore, applicability of Equations 8 to 10 to large
R/t ratios was excluded in their derivation, and is not justi-
fied.
Qetimum Design of a Corner
The equations derived by Karren can be used to find the
148
value of R/t which will result in maximum benefit from cold-
work. Starting from a strip of plate of width ~"the total
force F that it can resist with one corner, i.e., in the mid-
dIe, is given by:
where
Now,
F = Ff + F (B4)c
Ff = force resisted by the flats
Fc = force resisted by the corner
F = actc t =
BCay [1.57 [R + ~)] tc (R/t)m
md simplifying,
Also, (B6)
Taking Equations B5 and B6 into Equation B4 gives:
whose first derivative with respect to R/t is given by:
d(~~tl = <1y t 2 {-1.57 + Bc(1.57<l-m)(~I-m-o.785m(~)-m-I])=
• <1yt
2 {-1.57 + (R/:~m+d1.57(l-m)(~I-o.785m]) (B8)
The maximum occurs when dF/d(R/t) = O. Satisfaction of this
condition in Equation B8'requlres'that:
149
m+l1.57(~) - 1.57 Bc(l-m)(~) + 0.785 Bcm = 0 (B9)
The solution of Equation B9 will give the R/t ratio producing
maximum strength of the given width of plate. Maximum advan-
tage of the strengthening effect of cold work is obtained when
R- = [1.57(~) ]t = noptt
opt
(BIO)
in which case R- = R-. Equation B7 is not applicable for
c
n < nopt ' For n > nopt the advantage of optimization decreases
with increasing values of n. The procedure is illustrated next
with an example.
Assuming the same material as before, i.e., au/o y = 1.40,
m= 0.20 and B = 1.78, Equation B9 reduces to:
c
or




which can be solved by iteration, obtaining (R/t)opt. = 5.20.
To evaluate the advantage of optimization assume for example,
(H/t)l = 1.00, R- = 9t. Then, from Equation B7 it is obtained:
Similarly, for
Hence ,
(R/t) t = 5.20 the same equation gives:
op •
F t = 11.50 ayt
2
op •
Fopt • = 11.50 = 1.062
F1 10.83
150
which shows a gain in strength of 6.2 percent for this partic-
ular example. If the n t = 8.164 had been used, the differ-op
ence in strength would have been of 6.7 percent, while n = 10
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TABLE 1 - NOMINAL DIMENSIONS
Section Thickness Width Height Lip
No. in. in. in. in •
1 . 060 6.00 1.00
2 .060 7.00 2.50 .75
3 .083 7.00 2.50 .75
4 .105 7.00 2.50 .75
5 .096 2.76 1.10
6 .158 4.56 1.16
7 .234 4.63 1.23
8 .114 5.70 1.40
9 .114 3~62 1.36 .56
10 .085 3.38 1. 35 .50
11 .128 4.25 1.38 .62
12
.149 5.88 1.40 .88
13 .100 2.81 1.23
14
.124 3.86 1.25
15 .160 3.36 1.38
16
.160 4.61 1.38
17 .196 5.34 1.5018
.090 2.32 1.22
19
.057 2.81 1.31 .5620





















TABLE 2 - CHEMICAL ANALYSIS
Section Metallurgical' Gage Chemical Analysis
No. Process C r~n p S
1 HR 16 .19 .52 .008 .028
2 HR 16 .19 .52 .008 .028
3 HR 13 .23 .49 .01 .02
4 HR 12 max.20 max 1.00 **
8-9 HR-SK 12 .20 .44 .007 .013
10 HR-SK 13 .16 .41 .009 .027
11 HR-SK 11 .18 .44 .008 .018
12 HR-SK 9 .21 .45 .010 .018
13 HR-SK 12 .20 .12 .005 .026
14 HR-SK 11 .18 .54 .007 .023
15 HR-SK 8 .22 .59 .009 .035
16 HR-SK 8 .22 .56 .009 .034
11 HR-SK 6 .20 .50 .006 .017
18 HR-SK 13 .20 .50 .005 .018
19 HR-R 11 .15 .42 .011 .021
20 HR-SK 13 .18 .45 .010 .014
21 HR-C 11 .18 .42 .010 .023
22 HR-SK 8 .17 .44 .009 .016
23 HR-R 1 .15 .48 .009 .025
24 HR-C 4 .16 .36 .010 .012
26v Hr-R 11 .10 .31 .001 .024
A HR-SK 9 .09 .52 .010 .033
• HR - Hot Rolled
SK - Semi-killed
.* High Strength Steel:
R - Rimmed
C - Capped
Cb and/or V min .01
TAELE 3 - AVERAGE MECHANICAL PFOPERTIES OF vIRGIN MATERIALS
Sec- Mate- Gage Compress.Properties Tensile Properties
tion rial Yield Strength Yield Strength Ultimate Strength ., E1ong. a CJ
No. * Average Std. Dev. Aye~age Std. Dev. Average Std. Dev. in 2t! ....£ ..:i.E..ksi ksi ksi kaf ksi ksi cry °yt
1 HR 16 45.4 2.0 49.6 1.0 70.0 0.6 29.7 1.41 .915
..... HR 16 51.0 1.4 51.6 1.8 66.3 2.3 30.3 1.28 .988c
3 HR 13 50.8 5.8 40.3 0.5 58.6 0.8 32.9 1.45 1.261
4 HR 12 69.2 0.6 66.5 0.5 80.7 0.3 28.7 1.21 1.041
J::' HR-R 12 50.2 0.0 48.6 0.7 70.4 0.5 28.7 1.45 1.032J
6 HR-R 8 40.9 3.3 42.2 3.5 59.2 3.5 32.2 1.40 .969
7 HR-R 3 43.6 1.0 41.5 3.8 54.2 1.3 33.3 1.31 1.051
8-9 HR-SK 12 36.6 0.2 36.5 3.1 57.5 1.7 37.5 1.58 1.003
10 HR-SK 13 40.5 0.2 42.5 3.4 59.3 1.2 36.2 1.40 .953
11 HR-SK 11 41.6 1.0 40.3 3.6 64.4 1.4 33.5 1.61 1.032
12 HR-SK 9 38.3 0.6 37.3 2.1 57.5 0.6 37.7 1.54 1.027
13 HR-SK 12 41.6 1.8 42.1 2.1 67~0 0.6 33.9 1.59 .988
14 H~-SK 11 41.3 1.4 39.8 1.1 61.3 0.6 36.0 1.54 1.038
15 HR-SK 8 42.0 1.9 42.8 2.2 67.6 1.5 30.4 1.58 .981
16 HR-SK 8 43.0 1.7 42.0 1.9 66.1 0.5 33.2 1.58 1.024
17 HR-SK 6 46.6 4.0 43.6 4.7 66.9 1.6 31.4 1.53 1.069
18 HR-SK 13 50.6 0.6 48.5 0.2 71.5 1.7 28.9 1.47 1.043
19 HR-R 17 51.6 4.8 44.9 4.1 60.4 2.1 33.7 1.35 1.149
* HR - Hot Rolled R - rimmed




TABLE 3 - AVERAGE MECHANICAL PROPERTIES OF VIRGIN MATERIALS I-'Vl
ex:>
Sec- Mate- Gage Compress.Properties Tensile Properties
tion rial Yield Strength Yield Strength Ultimate Strength % E1ong.a aAverage Std. Dev. Avera~e Std. Dev. Average Std. Dev. in 2" -.!! J.!:..
ksi ksi ksi ksi ks1 ks1 • "ytY
20 HR-SK 13 50.4 5.0 48.0 3.3 58.7 2.2 24.8 1.22 1.050
21 HR·-C 11 40.8 2.0 45.8 2.6 63.5 0.9 32.8 1.39 .891
22 HR-SK 8 41.0 2.2 39.5 2.6 59.9 1.5 41.2 1.52 1.038
23 HR-R 7 31.8 2.0 36.4 2.0 58.0 2.3 38.7 1.591.03:1
24 HR-C 4 39.3 3.3 38.6 3.7 58.5 2.8 38.6 1.52 1.01d
25 HR-R 9 35.9 1.8 35.7 0.8 49.1 0.8 37~9 1.38 1.006
26 HR-R 11 46.8 1.4 44.8 2.2 61.3 2.8 35.6 1.37 1.045
26A 43.6 2.4 60.1 2.8 37.0 1.38
21 HR-R 8 44.3 1.9 44.2 2~8 65.4 O~4 36.9 1.48 1.002
28 HR-R 6 43.6 0.5 41.8 1.2 61.1 0.4 31.1 1. il6 1.043
29 HR-R 5 42.1 1.0 43.2 2.1 55.8 1.4 35.9 1.29 .988
30 HR-R 8 44.6 0.6 42.2 1.8 68.1 3.1 32.5 1.61 1.057
31 HR-R 5 41.6 2.2 40.2 1.3 57. O· 1.2 37.2 1.42 1.035
32" HR-R 4 41.8 2.2 41.0 3.9 75~1 3.6 31.8 1.83 1.020
33 HH":'.tt 12 41.9 1.8 42.6 1.6 60.1 3.1 36.1 1.1~1 .984
34 HR-R 11 54.0 1.0 49.2 1.6 69.3 1.4 28.5 1. La 1.098
35 HR-R 9 40.9 4.3 39.8 4.3 56.2 2.8 39.2 1.42 1.028
36 HR-R 7 40.0 2.6 38.8 3.3 55.7 4.3 41.2 1.44 1.031
A HR·~SK 9 32.0 30.7 52.9 35.0 1.72 1.042
TABLE 11 - SCATTERING OF VIRGIN 'TENSILE AND COMPRESSIVE
STRENGTHS FOR SECTIONS 1 TO 12
Tensile Yield Compressive Yield Tensile Ultimate
Average Range Average Range Average Range
ks1 ks1 % ks1 ks1 % ks1 ks1 %
1 49.6 2.3 4.6 45.4 3.9 8.6 70.0 1.4 2.0
2 51.6 4.4 8.5 51.0 2.7 5.3 66.3 5.1 7.7
3 40.3 1.4 3.5 50.8 11.6 22.9 58.6 2.8 4.8
4 66.5 1.1 1.7 69.2 1.2 1.7 80.7 0.6 0.7
5 48.6 1.8 3.7 50.2 0.1 0.2 70.4 1.0 1.4
6 42.2 8.2 19.4 4c), 9 6.6 16.1 59.2 8.6 14.5
1 41.5 8.4 20.2 43.6 2.1 4.8 54.2 2.9 5.4
8-9 36.5 6.7 18.3 36.6 0.5 1.4 57.5 3.6 6.3
10 42.5 8.1 19.0 40.5 0.4 1.0 59.3 2.7 4.6
11 40.3 7.9 19.6 41.6 1.9 )406 64.4 3.3 5.1




TABLE 5 - COMPARISON OF VIRGIN TENSILE YIELD STRENGTH FOR SPECIMENS I-'0\FROM THE BEGINNING, MIDDLE AND END OF THE COIL 0
Section BEGINNING r-UDDLE END
No. Average Range Average Range Average Range middle end
ksi ksi % ksi ksi % ksi ksi % begin. begin.
13 40.0 0.3 0.8 44.2 1.3 2.9 1.105
14 39.5 2.0 5.1 40.2 2.1 5.2 1.018
15 44.2 4.7 10.6 41.4 1.7 4.1 .937
16 41.8 4.6 11.0 42.2 2.5 5.9 1.010
17 48.2 3.0 6.2 39.1 1.8 4.6 .811
18 48.6 0.3 0.6 48.4 0.4 0.8 .995
19 48.4 3.6 7.4 40.2 5.4 13.4 46.1 3.6 7.8 .820 .952
20 46.4 5.3 11.4 45.9 1.7 3.7 51.4 5.1 9.9 .989 1.108
21 48.9 1.6 3.3 45.0 2.1 4.7 43.5 3.3 7.6 .920 .890
22 38.6 3.8 9.8 37.2 1.4 -3.8 42.6 0.6 1.4 .964 1.104
23 37.6 2.3 6.1 34.5 1.0 2.9 37.0 1.1 3.0 .918 .984
24 40.4 6.5 1.6 40.8 4.8 11.8 34.6 1.5 4.3 1.010 .85h
25 35.2 0.7 2.0 36.2 1.3 3.6 1.028
26 42.6 0 0 46.9 1.0 2.1 1.101
27 45.8 6.1 13.3 42.6 2.4 5.6 .930
28 41.2 2.8 6.8 42.5 0 0 1.032
29 41.2 0.1 0.2 45.2 1.5 3.3 1.097
30 40.8 0.5 1.2 43.6 3.0 6.9 1.069
31 41.2 2.0 4.9 39.3 1.8 4.6 .954
32 44.6 1.2 2.7 37.3 3.6 9.7 .836
33 41.1 0.2 0.5 44.2 0.6 1.4 1.075
34 47.7 0.8 1.7 50.6 1.5 3.0 1.061
35 35.5 0.4 1.1 44.0 2.2 5.0 1.239
36 36.2 1.8 5.0 41.4 5.4 13.0 1.143
TABLE 6 - COMPARISON OF VIRGIN COMPRESSIVE YIELD STRENGTH FOR SPECIMENS
FROM THE BEGINNING, MIDDLE AND END OF THE COIL
Section BEGINNING MIDDLE END
No. Average Range Average Range Average Range middle end
ksi ksi % ksi ksi % ksi ksi % begin. begin.
13 41.4 0.4 1.0 41.7 5.2 12.5 1.007
14 41.1 3.8 9.2 41.5 0.6 1.4 1.010
15 41.2 0.4 1.0 42.7 4.8 11.2 1.036
16 42.8 3.1 7.2 43.4 3.7 8.5 1.014
17 50.1 1.6 3.2 1.13.2 5.1.1 12.5 .862
18 51.2 0 0 50.1 0.6 1.2 .978
19 55.6 1.5 2.7 45.8 7.3 16.0 54.9 5.0 9.1 .823 .987
20 49.8 10.2 20.5 46.4 0.2 4.3 55.0 6.7 12.2 .932 1.104
21 43.4 0.3 0.7 40.4 0.7 1.7 38.8 0.9 2.3 .931 .894
22 41.0 2.1 5.1 40.8 2.3 5.6 43.5 1.2 2.8 .995 1.061
23 40.6 0.5 1.2 35.8 0.3 0.8 37.0 0.9 2.1.1 .882 .911
21.1 41.0 1.2 2.9 41.8 5.2 12.4 35.2 0.5 1.4 1.020 .859
25 34.6 1.4 4.0 37.2 3.1 8.3 1.075
26 45.5 0.7 1.5 48.2 1.1 2.3 1.059
27 43.0 1.9 4.4 45.6 3.6 7.9 1.060
28 43.4 1.3 3.0 43.8 0.4 0.9 1.009
29 42.2 0.7 1.7 43.2 2.5 5.8 1.024
30 44.2 0.1 0.2 44.8 1.3 2.9 1.014
31 40.5 3.0 7.4 42.7 4.6 10.8 1.054
32 43.8 0.9 2.1 40.0 2.7 6.8 .913
33 40.2 0.6 1.5 43.6 1.7 3.9 1.085
34 53.1 1.2 2.3 55.0 0.7 1.3 1.036
35 36.8 1.7 4.6 45.0 3.6 8.0 1.223





TABLE 7 - COMPARISON OF VIRGIN TENSILE ULTIMATE STRENGTH BETWEEN 0'\I'\)
BEGINNING, MIDDLE, AND END OF THE COIL
Section BEGINNING f'/lIDDLE END
No. Average Range Average F.ange Average Range middle end
ksi ksi % ksi ksi % ksi ksi % begin. begin.
13 66.4 0.5 0.8 67.6 0.1 0.1 1.018
14 61.6 1.3 2.1 61.0 0.6 1.0 .990
15 68.8 2.3 3.3 66.4 1.3 2.0 .965
16 66.4 1.2 1.8 65.8 0.5 0.8 .990
17 68.4 0.5 0.7 65.4 0.6 0.9 .956
18 73.2 0.7 1.0 69.8 0.5 0.7 .954
19 61.4 0.6 1.0 58.2 4.5 7.7 61.6 1.7 2.8 .948 1.003
20 57.8 2.2 3.8 56.8 0.5 0.9 61.4 2.6 4.2 .983 1.062
21 63.8 0.3 0.5 64.0 0.9 1.4 62.5 1.8 2.91.003 .980
22 60.3 2.4 4.0 58.1 0 0 61.2 1.2 2.0 1.015 .963
23 61.2 0.5 0.8 56.2 0.2 0.4 56.5 0.6 1.1 .918 .923
24 60.0 4.3 7.2 60.4 1.9 3.1 55.0 1.5 2.7 1.007 .916
25 49.8 0.5 1.0 48.4 0.9 1.9 .972
26 58.5 0.2 0.3 64.0 0.5 0.8 1.094
27 65.2 0.3 0.5 65.6 1.1 1.7 1.006
28 61.1 1.0 1.6 61.1 0.6 1.0 1.000
29 54.4 1.3 2.4 57.1. 0.2 0.4 1.050
30 65.0 1.1 1.7 71.1 2.0 2.8 1.094
31 56.0 0.8 1.4 58.0 1.7 2.9 1.035
32 78.1 0.6 0.8 72.0 5.5 7.6 .922
33 57.2 1.3 2.3 63.0 2.2 3.5 1.101
34 68.0 1.0 1.5 70.6 1.3 1.8 1.038
35 53.4 0.1 0.2 58.8 1.5 2.6 1.101
36 53.6 1.4 2.6 57.8 10.4 18.0 1.078
TABLE 8 - CHANGES IN YIELD AND ULTIMATE STRENGTHS OF FLATS
AS PERCENTAGE OF VIRGIN VALUES
Increase in Strength as Percentage of Virgin Values
Section Thickness # of' YIELD STRENGTH ULTIMATE STRENGTH
No. (in) Coupons Virgin Virgin
Tested Min. Max. Average Std. Dev. Min. Max. Average Std.Dev.
1 .065 5 - 8.5 4.0 - 2.2 2.0 - 9.9 - 6.9 - 8.8 0.9
2 .057 8 1.3 8.1 3.8 3.5 2.5 5.4 3.6 1.5
3 .085 8 - 5.0 48.6 9.3 1.3 - 3.9 23.9 6.2 1.4
4 .106 8 -12.2 4.8
- 4.6 0.7 - 5.8 - 1.9 - 4.4 0.4
5 .107 3 8.2 37.4 24.1 1.5 - 3.9 6.8 2.4 0.6
6 .157 4 14.0 58.5 25.5 8.3 1.7 22.5 7.0 6.0
7 .239 4 9.2 36.9 18.2 9.1 - 3.3 12.0 1.6 2.4
8 .112 5 29.3 48.2 34.1 8.4 8.2 12.3 10.1 3.0
9 .112 3 38.9 89.0 54.3 8.4 8.5 33.6 15.9 3.0
10 .084 3 0 39.8 20.5 8.1 - 5.2 6.9 - 1.5 2.0
11 .121 4 17.9 79.7 36.8 8.8 - 1.6 18.5 3.6 2.2
12 .146 6 19.0 96.2 38.7 5.7 1.6 34.1 6.6 1.1
13 .100 5 - 3.8 21.4 9.4 5.0 -12.7 - 9.1 -10.9 0.9
14 .122 4 17.6 46.2 25.2 2.7 1.1 9.5 3.5 1.0
15 .158 3 2.1 38.0 15.6 5.3 -15.2 - 3.1 -12.0 2.2
16 .160 7 18.3 49.8 26.3 4.4 - 4.2 8.9 - 1.4 0.8
17 .190 5 17.9 62.1 24.6 10.8 0.3 18.2 3.7 2.3
18 .086 3 - 8.5 11.5 2.9 0.4 -17.2 -10.6 -13.7 2.4




TABLE 8 - CHANGES IN YIELD AND ULTIMATE STRENGTHS OF FLATS I-'0'\AS PERCENTAGE OF VIRGIN VALUES .l::"
Increase in Strength as Percentage of Virgin Values
Section Thickness # of YIELD STRENGTH ULTIMATE STRE~GTH
No. (in) Coupons Virgin Virgin
Tested Min. Max. Average Std. Dev. Min. Max. Average Std.Dev .
20 •093 3 6.9 20.0 14.7 6.9 - 0.1 5.6 3.0 3.821 .118 4 21.0 38.4 25.1 5.6 4.1 10.9 6.0 1.4
22 .168 3 36.4 61.3 43.1 6.5 2.8 17.0 6.6 2.5
23 .170 7 29.4 54.4 3B.7 5.4 - 4.3 9.8 2.7 4.0
24 .220 5 31.6 70.2 47.3 9.6 3.6 23.2 11.9 4.8
25 .140 5 21.3 47.6 36.5 2.1 1.6 15.5 10.0 1.1
26 .11B 3 -14.5 9.4 - 9.4 4.9 -10.9 - 9.5 -10.6 4.5
26A .118 5 -14.0 12.4 - 6.4 5.6 - 9.2 - 7.0 - 8.3 4.7
27 .160 3 11.1 43.7 20.5 6.3 - 4.7 6.7 - 2.4 0.6
28 .195 3 27.5 50.2 32.2 2.B 0.2 9.2 2.1 0.1
29 .212 3 24.B 39.4 21.B 4.8 6.5 17.4 9.2 2.5
30 .154 4 14.7 48.1 22.6 4.1 -12.9 5.0 - 7.0 4.6
31 .197 7 16.9 48.0 26~0 3.3 - 3.7 12.5 1.4 2.1
32 .217 4 25.1 60.7 39.5 9.5 - 0.9 2.5 0.1 4.8
33 .101 3 17.4 33.6 23.5 3.1 - 1.0 2.B 0.6 5.1
34 .120 3 12.4 43.5 28.2 3.2 - 1.9 14.3 5.9 2.1
35 .138 4 17.3 51.5 30.5 10.9 0 15.1 4.8 4.0
36 .173 4 15.7 36.3 24.8 8.5 - 2.7 15.0 0.4 7.6
A .152 7 39.4 69.4 52.3 4.5 15.7 9.7
TABLE 9 - SECTIONS GROUPED BY MANUFACTURER AND IN ORDER OF
INCREASE IN YIELD STRENGTH
Avg.lnc. Nominal Virgin Virgin Avg.lnc.
Sec- Yield Str. Nominal Developed Yield au Ult.Str.
tion Manuf. %of Mate- Thickness (in) Are~ Width Strength - %of
Virgin rial Nominal Measured (in) ks1 0' VirginNo. (in ) y
18 II 2.9 HR-SK .090 .086 .378 4.20 48.5 1.47 -13.7
13 9.4 HR-SK .100 .100 .469 4.69 42.1 1.59 -10.9
15 15.6 HR-SK .160 .158 .830 5.18 42.8 1.58 -12.0
17 24.6 HR-SK .196 .190 1.410 7.20 43.6 1.53 3.7
14 25.2 HR-SK .124 .122 .704 5.68 39.8 1.54 3.5
16 26.3 HR-SK .160 .160 1.030 6.44 42.0 1.58 - 1.4
19 III-A 1.7 HR-R .057 .055 .374 6.57 44.9 1.35 2.1
10 20.5 HR-SK .085 .084 .612 7.20 42.5 1.40 - 1.5
11 36.8 HR-SK .128 .121 1.025 8.01 40.3 1.61 3.6
12 38.7 HR-SK .149 .146 1.453 9.75 37.3 1.54 6.6
9 54.3 HR-SK .114 .112 .841 7.38 36.5 1.58 15.9
20 III-B 14.7 HR-SK .099 .093 .436 4.41 48.0 1.22 3.0
21 25.1 HR-C .124 .118 .654 5.27 45.8 1.39 6.0
23 38.7 HR-R .173 .170 1.054 6.10 36.4 1.59 2.7
22 43.7 HR-SK .173 .168 .778 4.50 39.5 1.52 6.6




TABLE 9 - SECTIONS GROUPED BY f.'ANUFACTURER AND IN ORDER OF f-'0\
INCREASE IN YIELD STRENGTH 0\
Avg.Inc. Nominal Virgin Virgin Avg.Inc.
Sec- Yield Str. Thickness Nominal Developed Yield
°u U1t.Str.tion Manuf. %of Mate- Nominal Measured Are~ Width Strength - %of
No. Virgin rial (in) (in) (in ) (in) (ksi) 0y Virgin
26 IV
- 9.4 HR-R .118 .118 .590 5.00 44.8 1.37 -10.6
7 18.2 HR-R .234 .239 1.404 6.00 41.5 1.31 1.6
27 20.5 HR-R .158 .160 .790 5.00 44.2 1.48 - 2.4
30 22.6 HR-R .158 .154 .948 6~00 42.2 1.61 - 7.0
33 23.5 HR-R .096 .101 .408 4.25 42.6 1.41 0.6
5 24.1 HR-R .096 .107 .408 4.25 48.6 1.45 2.4
36 24.8 HR-R .178 .173 .890 5.00 38.8 1.44 0.4
6 25.5 HR-R .158 .157 .948 6.00 42.2 1.40 7.0
31 26.0 HR-R .198 .197 1.188 6.00 40.2 1.42 1.4
29 27.8 HR-R .218 .212 1.090 5.00 43.2 1.29 9.2
34 28.2 HR-R .124 .120 .527 4.25 49.2 1.41 5.9
35 30.5 HR-R .138 .138 .690 5.00 39.8 1.42 4.8
28 32.2 HR-R .198 .195 .990 5.00 41.8 1.46 2.1
25 36.5 HR-R .140 .140 .595 4.25 35.7 1.38 10.0
32 39.5 HR-R .218 .217 1.308 6.00 41.0 1.83 0.7
Ref. 4 52.3 HR-SK .156 .152 .722 4.63 30.7 1.72 9.7
TABLE ~O - COMPARISON OF TENSILE AND COMPRESSIVE YIELD STRENGTHS
OF COUPONS FROM SIMILAR LOCATION AND SYMMETRY TEST
Le:ft Strength
Sec- Loca- Yield Strength Ultimate (] t (] Right Strength
tion t10n ksi Strength Comrres. ~ y yc Yield Strength Ultimate~(] )vNo. Tension Compres. ksi Tension (]yt)V yo Tension Compres. Strength
1 C 51.5 50.9 1.038 1.120
E 45.4 45.5 .915 1.002
Avg. 48.4 48.2 .996 .976 1.061
7 A 45.3 44.7 1.092 1.025
B 45.9 48.2 1.106 1.106
Avg. 45.6 46.4 1.018 1.099 1.065
8 A 49.4 51.4 1.353 1.404
c 49.1 53.4 1.345 1.459
Avg. 49.2 52.4 1.063 1.348 1.432
13 A 49.2 51.8 60.9 1.169 1.245 1.019 1.059 1.022
AA 48.3 48.9 59.6 1.147 1.175
B 40.5 42.6 58.5 .962 .976 .983 1.024 .998
BB 41.2 41.6 58.6 .979 1.000
c 51.1 51.6 1.214 1.240
Avg. 46.1 47.3 1.026 1.095 1.137 1.001 1.042 1.010
16 A 49.7 48.9 63.3 1.183 1.137 .978 .982 .974
AA 50.8 49.8 65.0 1.210 1.158
B 53.3 49.7 64.9 1.269 1.156 1.004 1.002 1.012
BB 53.1 49.6 64.1 1.264 1.153
C 50.5 54.4 63.4 1.202 1.265 .992 1.026 .995
cc 50.9 53.0 63.7 1.212 1.233
D 62.9 62·3 1.498 1.449




TABLE 10 - COMPARISON OF TENSILE AND COMPRESSIVE YIELD STRENGTHS I--'
OF COUPONS FROM SIMILAR LOCATION AND SYMMETRY TEST ~0:>
Left Strength
Sec- Loca- Yield Strength Ultimate C1 t C1 Right Strength
tion tion ksi Strength Compres. (a y)v yc ·Yle1d Strength Ultimate(ayc)vNo. Tension Compres. ksi Tension yt Tension Compres. Strength
19 A 49.3 57.8 1.098 .957 .922
AA ·51.5 62.7 1.147
B 48.2 51.5 63.9 1.073 .998 1.000 1.049 .974
BB 48.2 49.1 65.6 1.013 .952
.C 39.0 45.6 59.0 .869 .884 .942 .936 .947
CC 41.4 48.7 62.3 .922 .944
D 51.4 59.3 60.6 1.145 1.149
Avg. 45.6 50.8 1.113 1.016 .984 .966 .992 .948
23 A 4T.l 44.7 55.5 1.294 1.183 .944 .898 .950
AA 49.9 49.8 58.4 1.311 1.317
B 48.3 47.0 59.1 1.327 1.243 1.000 .965 1.005
BS 48.3 48.1 58.8 1.327 1.288
c 50.8 57.9 59.8 1.396 1.532 .960 1.010 .972
CC 52.9 57.3 61.5 1.453 1.515
Avg. 49.5 50.9 1.028 1.360 1.347 .968 .958 .976
25 A 50.6 52.1 55.7 1.417 1.451 1.000 .983 1.000
AA 50.6 53.0 55.7 1.411 1.476
B 43.3 51.0 49.9 1.213 1.421 .935 1.203 .956
BB 46.3 42.4 52.2 1.300 1.181
c 52.7 55.2 1.476 1.538
Avg. 48.1 50.7 1.041 1.364 1.412 .968 1.093 .978
TABLE 10 - COMPARISON OF TENSILE AND COMPRESSIVE YIELD STRENGTHS
OF COUPONS FROM SIMILAR LOCATION AND SYMMETRY TEST
Left Strength
Sec- Loca- Yield Strength Ultimate a t a c Right Strength
tion tion ksi Strength Compres. Y Y Yield Strength U1ti~ate
No. Tension Compres. ksi Tension (ayt)v (ayc)v Tension Compres. Strength
26A A 38.7 55.0 .985 1.007
AA 39.0 54.8




31 A 49.3 51.3 57.7 1.226 1.233 1.014 1.069 1.025
AA 48.6 48.0 56.3 1.209 1.154
B 51.1 51.5 58.4 1.271 1.238 1.049 1.022 1.041
BB 48.7 50.4 56.1 1.211 1.212
C 50.3 54.7 57.1 1.251 1.315 1.070 1.050 1.040
cc 47.0 52.1 54.9 1.169 1.252
D 59.5 64.1 64.1 1.480 1.541





TABLE 11 - PERCENTAGE ELONGATION IN 2" (FLATS)
No. of Elongation in 2" Percentage
Section Coupons (%) of Reduction
No. Tested Min. Max. Average w.r.t. Virgin
1 2 28.5 30.5 29.-5 1
2 7 20 29 25.5 16
3 8 10 30 24.5 25
4 8 17.5 26.5 23.5 18
5 3 9.5 19 14.5 50
6 4 10.5 25.5 19.8 38
7 4 13 29.5 19.9 40
8 5 15.5 28.5 23.7 37
9 3 9.5 25 18.7 50
10 3 10.5 36 28.7 21
11 4 7.5 17.5 14.1 58
12 6 9 31.5 24.8 34
13 4 22 32.5 28.5 16
14 4 21 31 27.7 23
15 3 12.5 31.5 26.1 14
16 7 12.5 27.5 21.9 34
17 5 12 31.5 24.9 21
18 3 20 30 24.2 16
19 7 11.5 24.5 21.3 3720 3 18 27 23.0 ' 721 4 18.5 29 25.2 2322 3 12 29.5 25.4 38
23 7 21 34.5 29.8 2324 5 13 35.5 23.3 4025 5 12.5 33 19.2 4926 3 37 40.5 38.6 - 826A 5 33 39.5 37.1 027 3 12.5 27.5 23.9 3528 3 13 27 23.8 3629 3 12 20.5 17.6 5130 4 12.5 30 26.2 1931 7 12.5 27.5 22.9 3832 4 27 32 29.4 8
33 3 17.5 24.5 22.5 3834 3 12 22 16.8 4135 4 12 25 20.4 4836 4 16 28 23.3 43
TABLE ~2 - COMPARISON OF EXPERIMENTAL TENSILE YIELD STRENGTH OF CORNERS





Section Location Radius Thickness a - Predict.
No. (in) (in) t cry Predicted Experim. Experim.
8 D .600 .108 5.55 1.58 1.34 1.35 .99
F .344 3.18 1.52 1.44 1.05
9 A .156 .112 1.39 1.58 1.85 1.61 1.15
C .141 1.26 1.89 1.82 1.04
E .188 1.68 1.77 1.83 .97
10 A .250 .084 2.98 1.40 1.43 1.20 1.19
C .188 2.24 1.51 1.30 1.16
E .188 2.24 1.51 1.31 1.15
11 A .312 .121 2.58 1.61 1.62 1.55 1.04
D .188 1.55 1.82 1.62 1.12
F .234 1.93 1.73 1.52 1.14
12 B .406 .146 2.78 1.54 1.54 1.57 .98
F .234 1.60 1.75 1.70 1.03




TABLE 13 - DIMENSIONS OF BEAM SECTIONS ~
-...J
A l'U
Specimen Thickness Depth Compression Tension Lip Interior w ct AFlange Flanges Radius
B-1 .0569 2.324 1.533 .626 .0625 22.7 .081
B-2 .0596 2.391 1.845 .642 .326 .0964* 25.6 .151
B-3 .1282 3.245 2.619 1.502 .609 .3125 13.6 .306
B-4 .0567 2.033 2.201 .820 .368 .1875 30.2 .262
B-4A .0567 2.045 2.221 .826 .349 .1875 30.6 .262
B-5 .1016 1.939 1.712 .865 .1523* 11.9 .194
* Average Value
TABLE 14 - VIRGIN AND AS-FOR~lliD MATERIAL'S PROPERTIES OF BEAMS
Virgin Material As-Formed Strength
Tension Compression Flats Corners
Sp~c1men Yield Ultimate Yield T.Yield Ultimate C.Yield T.Yield Ultimate C.Yield
ksi ksi ks! . kai ksi ks1 ks! ks! ksi
- _':'.
B-1 32.1 41.9 35.1 34.2 41.5 37.2 54.0 60.3 55.4
B-2* 37.5 49.0 40.5 45.1 54.2 46.6 61.2 66.5 64.5
B-3 45.8 61.1 46.4 45.4 65.1 47.0 61.7 70.5 65.2
B-4 44.2 63.3 43.5 44.8 65.9 42.7 59.2 68.6 60.0
B-5 28.1 43.0 31.9 51.2 57.4 51.9





TABLE 15 - PERCENTAGES OF CHANGE IN STRENGTH WITH RESPECT TO -.J.l='




Specimen Forming Tensile Compres. Ultimate R u Tensile Compres. Ultimatet (JMethod Yield Yield y Yield Yield
B-1 Pressed +4~6 +4.2 -0.8 1.098 1.46 +65.1 +55.2 +25.9
B-2 Rolled +20.3 +15.1 ...10.6 1.616+ 1.31 +63.2 +59.3 +35.7
B-3 Pressed -0.9 +1.3 -3.8 2.440 1.48 +34.7 +40.5 +4.1
B-4 Rolled +1.4 -1.8 +4.1 3.307 1.43 +33.9 +37.9 +8.4
* Virgin Material
+ Average Value
TABLE 16 - COMPARISON OF EXPERIMENTAL AND CALCULATED BEAM
CAPACITIES USING TENSILE PROPERTIES
Elastic Method Plastic ~1ethod
Experimental Virgin Flat's Virgin Flat's Flats +
Specimen Failure Properties Properties Properties Properties Corner.s
Moment E-a E-b P-a P-b P-c
(in-kip) M % M 01 M % IJI % M %/0
B-1 11242 7946 -29.3 8311 -26.1 10063 -10.5 10525 -6.4 11234 -0.1
B-2 18305 11441 -37.5 13737 -25.0 14241 -22.2 17116 -6.5 18400 +0.5
B-3 96775 57342 -40.8 56841 -41.3 74687 -22.8 74035 -23.5 83816 -13.4
B-4 13650 11253 -17.6 11420 -16.3 13802 +1.1 13981 +2.4 lS485 +13.4
B-4A 14000 11337 -19.0 11518 -17.7 13915 -0.6 14095 +0.7 15614 +11.5
B-5 15035* 10158 -32.4 12366 -17.8 14897 -0.9
* Arbitrarily defined at ~ = L/SO





TADLE 17 - COMPARISON OF EXPERIMENTAL AND CALCULATED BEAM - .
CAPACITIES USING COMPRESSIVE PROPERTIES ~-
Elastic Methol1 Plastic Method
Experl- Virgin Flat's Virgin Flat's Flats +
Specimen mental Properties Properties Properties Properties Corners
FaIlure E-a E-b P-a P-b P-c
Moment M S M % M .1 11 .. M SII II
B-1 11242 8675 -22.8 9040 -19.6 10987 -2.3 11448 +1.8 12100 +7.6
8-2 1830? 12357 -32.5 14218 -22.3 15381 -16.0 17677 -3.4 19103 +4.4
B-3 96775 58093 -40.0 58884 -39.2 75665 -21.8 76644 -20.8 87553 -9.5
B-4 13650 11092 -18.7 10914 -20.0 13593 -0.4 13354 -2.2 15159 +11.0
B-4A 14000 11188 -20.1 10978 -21.6 13705 -2.1 13464 -3.8 15288 +9.2
8-5 15035- 11532 -23.3 14039 -6.6 16230 +8.0
• Arbitrarily defined at 6 • LISO
+ Deviation from Experimental Failure Moment
TAULE 18 - COMPARISON OF EXPERIMENTAL AND CALCULATED BEAM CAPACITIES
USING VIRGIN AND OVERALL AVERAGE TENSILE PROPERTIES
Vir~in Average Experimental Virgin r·1 Average M2 M2Specimen Yield Yield Failure Properties 1 PropertiesM rr- M1Strength Strength r'1oment (E-a) expo (E-c) expo
r.l1 M2
B-1 32.7 36.2 11242 7946 .707 8797 .782 1.107
B-2 37.5 46.8 18305 11441 .625 14279 .780 1.248
B-3 45.8 53.2 96775 57342 .592 66607 .688 1.162
8-4 44.2 49.5 13650 11253 .B24 12677 .929 1.127
B-4A 44.2 49.5 14000 11337 .810 12781 .913 1.127
8-5 28.1· 32.3 15035 10158 .676 11676 .777 1.149






TABLE 19 - COMPARISON OF EXPERIMENTAL AND CALCULATED DEFLECTIONS AT WORKING LOADS co
Elastic Section Modulus Plastic Section Modulus
Specimen M Experi- L Calcu- Devia- M Experi- L Calcu- Deviation{in- mental !J. 1ated tion (in- mental !J. latedIb) (in) (in) (%) Ib) (in) (in) (%)
B-1 5278 .122 344 .118 -3.3 6808 .157 268 .152 -3.2
B-2 8567 .154 272 .151 -2.0 11152 .205 205 .196 -4.4
B-3 39964 .160 262 .126 -21.2 50798 .203 207 .160 -21.2
8-4 7606 .210 200 .186 -11.4 9385 .267 157 .230 -13.8
B-4A 7669 .190 221 .185 -2.6 9463 .238 176 .228 -4.2
B-5 7006 .141 298 .130 -7.8 9028 .183 230 .168 -8.2
179
TABLE 20
- JOHNSON'S TESTS (REFEHENCE 11)
F-3 F-4 F-5
wit 51 36 20
M 3474 4590 4050expo















£t 4680 4101 4812
(llin/in)
E 3612 4891 4888c
(llin/in)
a/t 1.49 1.26 1.03
(J 34.2 35.6 31. 4yc
°yt 37.2 42.0 38.3








Plastic Section Modulus Method based on compressive
yield strength of Flats (From Ref.ll).
Plastic Section Modulus Method based on the compressive
yi81d strength of flats and tensile yield strength of
corners.
Plastic Section Modulus Method based on the proper yield
strength for each fiber.
* M1
180
TABLE 21 - MACADAM'S TESTS (REFERENCE 13)
Specimen .06-37 .09-50 .09-37 Average
wit 32.2 19.5 22.4
M 63.4 131.1 97.5expo
(k-in)
M * 52.9 105.3 83.01
(Ml/Mexp- -16.6 -19.7 -14.9 -17.1
1) (%)
M2 55.6 116.7 89.0
Dev.(%) -12.3 -11.0 - 8.7 -10.7




Dev.(%) +2.5 +4.7 +6.7 +4.6
M4 61.2 128.5 97.0
Dev.(%)
-3.5 ,:",2.0 . -0.5 -2.0
Ac/A .148 .177 .106
Forming roll formed roll formed press braked
Method
= Elastic Section Modulus method with assumed virgin
properties (Ref. 13).
M2 = Elastic Section Modulus method with indiscriminateweighted average of corners and flats (Ref. 13).
M3 = Plastic Section Modulus method with indiscriminateweighted average of corners and flats (Ref. 13)
M4 = Proposed Plastic Section Modulus method with thestrength of corners limited to the as-formed yield
strength of flats.
TABLE 22 - DIMENSIONS OF COLUMN SECTIONS





.504UC-ll .0604 1.114 1.768
.712






































.0592 3.678 1.774 .891
.395 .958 2.21SC-23







coTABLE 23 - VIRGIN AND AS-FORMED t~TERIALtS PROPERTIES OF COLUMNS l\.)
Virgin Material As-Formed Strength
Com~
Series Sheet Tension press. Flats Corners
No. Yield Ultimate Yield T.Yield Ultimate C.Yield T.Yield Ultimate C.Yield
ksi ksi ks! ks! ks! ksi ksi ksi ksi
UC-l SK-18 43.4 61.8 41.1
& SK-19 45.8 65.8 43.7
UC-2 SK-22 41.9 60.3 41.3 41.5 62.1 39.6 69.5 66.8 63.8
SC~l SK-l 42.0 56.9 42.2
SK-2 39.5 55.6 39.4 39.1 54.9 40.5 57.3 65.3 62.1
SK··4 38.8 55.1 39.5
SC-2 R-17A 41.7 54.5 43.1
R-17B 41.0 53.9 44.2 39.6 52.2 40.7 60.9 65.4 60.7
R-19A 41.5 54.1 44.0
R-19B 42.5 55.3 44.3
TABLE 24a - PERCENTAGES OF CHANGE IN STRENGTH WITH












































TABLE 24b - VARIATION OF Q FOR DIFFERENT
YIELD STRENGTHS
Series UC-l UC-2 SC-l SC-2
Compres s i ve Average
.824 .834of Flats .843 .833
Overall Compressive
.818 .814 .824Average .828
From Laterally Sup-
.832 .822 .817 .817ported Test
184
TABLE 25 - COMPARISON OF 0.2% OFFSET YIELD STRENGTHS































Laterally Supp. Test 41.6
Stub Column Failure 41.0+
Init. Strain Reversal 39.9++
Stub/Lat. Supp. .986
In. Str. Rev./Lat. Supp. .959
Stub/Overall Compo Avg. .968
In. Str. Rev./Ov. Compo A. .941
Stub/Comp.Avg. Flats 1.035




























* Corrected from 42.4 ksi to take into account differences in
virgin yield strength.
+ 0.2% offset yield strength.
++ Local buckling slightly visible.
TABLE 26 - SUMMARY OF COLUMN TESTS - SERIES UC-l AND UC-2
L 0y at: aSH cr t:c + cr SRC + ocr °fc °SRC- -r
°
crSheet Virgin Fail- Strain Corrected Corrected from cr cr
Com- ure Rever- Failure Strain Eq.19
press. Stress sal Stress Rev.
Tension
Coupons SK-22 41.3 43.6*
Compr.
Coupons SK-22 41.3 42.4*
Lat. Supp.
Test SK-22 41.3 41.6
Stub
Column T. SK-22 7.1 41.3 41.0* 40.3 41.0 40.3
UC-ll SK-22 40.3 41.3 36.5 33.7 36.5 33.7 36.0 1.013 .936
UC-12 SK-22 61.2 41.3 30.1 28.1 30.7 28.7 32.5 .945 .883
UC-13 SK-22 82.4 41.3 28.8 27.1 28.8 27.1 26.8 1.074 1.011
,I
UC-21 SK-19 39.2 43.1 39.5 39.5 31.3 37.3 37.2 1.002 1.002
UC-22 SK-19 60.5 43.7 32.7 32.3 30.9 30.5 33.4 .925 .913
UC-23 SK-18 81.4 41.1 29.3 28.9 29.4 29.0 27.9 1.054 1.039
+ Correction based on compression virgin yield strength of stub columns.
l-'
* 0.2% offset yield strength. Q)
\J1
TABLE 27 - SUMMARY OF COLUMN TESTS - SERIES SC-l AND SC-2 I--'co
0\
L
° of °SR 0' fc + O'SRC + O'er 0' fc O'SRC- Y - --
Sheet r Virgin Fail- Strain Corrected Corrected from ocr ocr
Com- ure Rever- Failure Strain Eq.19
press. Stress sal Stress Rev.
Tens.Coupons
SC-l SK-2 39.4 41.4*
Comp.Coupons
SC-l SK-2 39.4 43.3*
Lat.Sup.
(LSSC-l) SK-4 39.5 42.4 42.3
Stub Column
(SSC-I) SK-2 5.7 39.4 36.0 34.5 36.0 34.5
SC-ll SK-4 31.2 39.5 37.0 35.6 36.9 35.5 41.1 .899 .865
SC-12 SK-2 59.8 39.4 35.0 33.4 35.0 33.4 39.8 .880 .839
SC-13 SK-l 82.2 42.2 34.8 33.5 32.5 31.2 36.7 .886 .850
Tens.Coupons
SC-2 R-17B 44.2 42.1*
Comp.Coupons
SC-2 R-17B 44.2 43.1*
Lat.Supp.
(SSC-2) R-17B 44.2 44.9
Stub Column
(SSC-2) R-17B 5.9 44.2 37.4 36.1 37.4 36.1
SC-2l R-17A 38.2 43.1 35.9 35.9 36.8 36.8 40.4 .911 .911
SC-22 R-19A 59.6 44.0 37.0 37.0 37.2 37 .. 2 39.6 .939 .939
SC-23 R-19B 82.9 44.3 35.2 35.2 35.1 35.1: 35.6 .986 .986
* O.2~ orrset yield strength. + Correction based on stub column test.
TABLE 28 - COMPARISON OF EXPERIMENTAL AND SPECIFIED CRITICAL STRESSES
Column Experi- Experi- AISI Ex.S.R. Exp.Fai1. Modified
mental mental Failure AISI AISI q*
Failure Strain
Reversal
UC-ll 36.5 33.7 31.8 1.060 1.148 .943
UC-12 30.7 28.7 29.8 .963 1.030 .953
UC-13 28.8 27.1 26.9 1.007 1.070 .971
UC-21 37.3 37.3 31.5 1.183 1.183 .928
UC-22 30.9 30.5 29.5 1.034 1.048 .941
UC-23 29.4 29.0 26.8 1.081 1.097 .965
SC-ll 36.9 35.5 32.4 1.095 1.139
SC-12 35.0 33.4 29.9 1.118 1.171
SC-13 32.5 31.2 26.9 1.160 1.208
SC-21 36.8 36.8 32.4 1.136 1.136
SC-22 37.2 37.2 30.5 1.219 1.219
SC-23 35.1 35.1 27.0 1.300 1.300
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FIG. 2 - VARIATION OF YIELD AND ULTIMATE STRENGTHS ACROSS
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-+- YIELD STR. -0- ULT. STR.
FIG. 3 _ VARIATION OF YIELD AND ULTIMATE STRENGTHS ACROSS
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FIG. 4 - VARIATION OF YIELD AND ULTIMATE STRENGTHS ACROSS
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FIG. 5 _ VARIATION OF YIELD AND ULTIMATE STRENGTHS
ACROSS SECTIONS 7 AND 25.
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FIG. 6 - VARIATION OF YIELD AND ULTIMATE STRENGTHS
ACROSS: a) SECTION 8, b) SECTION 9.
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FIG. 7 - VARIATION OF YIELD AND ULTIMATE STRENGTHS ACROSS
SECTIONS 10 AND 11.
SECTION 12 SECTION 19
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FIG. 8 - VARIATION OF YIELD AND ULTIMATE STRENGTHS ACROSS
SECTIONS 12 AND 19.
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FIG. 9 - VARIATION OF YIELD AND ULTIMATE STRENGTHS ACROSS
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FIG. 10 - VARIATION OF YIELD AND ULTIMATE STRENGTHS
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FIG. 11 - VARIATION OF YIELD AND ULTIMATE STRENGTHS
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FIG. 12 - VARIATION OF YIELD AND ULTIMATE STRENGTHS
ACROSS SECTIONS 20 AND 21.
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FIG. 13 - VARIATION OF YIELD AND ULTIMATE STRENGTHS
ACROSS SECTIONS 22 AND 23.
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FIG. 14 - VARIATION OF YIELD AND ULTIMATE STRENGTHS
ACROSS SECTIONS 24, 26 AND 26A.
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FIG. 15 - VARIATION OF YIELD AND ULTIMATE STRENGTHS
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FIG. 16 - VARIATION OF YIELD AND ULTIMATE STRENGTHS
ACROSS SECTIONS 29 AND 30.
SECTION 31
4.60"
A' ·1 t' A
4.62"
A B B' B '\
t4 ~ c% ~ .. rDA IT I P!l.4 M c%ifl '11.20" 122"v~ {;' l t




I I I I
I , TT
I \ , \
~u.sn \ 0 I \ 0
"01 \ I \
I \ I \
I I , I
I I' T
I \ I \

























A A A A
1\ I\ 1\ 1\
I \ I \~I \ ,\
I \ I \ I , ,\
, I I II I , I
I , , • I , I
~I \1 v.u.s. \ , \
I \ I \ I \ 0-0
I \1 \ , ,
I \I
'+' t+-) , IItr If ~K
-·-·-VIlfGm-·~~·ntr·-

















-+- YIELD STR. -0- ULT. STR. _~_ COMPo YIELD STR.
FIG. 17 - VARIATION OF YIELD AND ULTIMATE STRENGTHS
ACROSS SECTIONS 31 AND 32.
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FIG. 18 - VARIATION OF YIELD AND ULTIMATE STRENGTHS
ACROSS SECTIONS 33 AND 34.
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FIG. 19 - VARIATION OF YIELD AND ULTIMATE STRENGTHS

















































FIG. 20 - COLUMN DIAGRAMS: DISTRIBUTION OF CHANGE IN YIELD
STRENGTH OF FLAT INDIVIDUAL COUPONS OF JOIST CHORt
a) ALL SECTIONS INCLUDED, b) SECTIONS WITH AREA
LARGER THAN 0.5 SQ. IN.

































FIG. 21 _ CUMULATIVE FREQUENCY CURVE: DISTRIBUTION or CHANGE IN
YIELD STRENGTH OF FLAT INDIVIDUAL COUPONS OF ALL THE
JOIST CHORD SECTIONS.
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FIG. 24 - CUMULATIVE FREQUENCY CURVES: DISTRIBUTION OF AVERAGE CHANGE
IN YIELD STRENGTH OF JOIST CHORDS - a) ALL SECTIONS INCLUDED





















































FIG. 25 _ COLUMN DIAGRAMS: DISTRIBUTION OF CHANGE IN ULTIMATE
STRENGTH OF FLAT INDIVIDUAL COUPONS OF JOIST CHORDS
a) ALL SECTIONS INCLUDED, b) SECTIONS WITH AREA
LARGER THAN 0.5 SQ. IN.
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FIG. 26 - CUMULATIVE FREQUENCY CURVE: DISTRIBUTION OF CHANGE IN
ULTIMATE STRENGTH OF FLAT INDIVIDUAL COUPONS OF ALL
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FIG. 27 _ CUMULATIVE FREQUENCY CURVE: DISTRIBUTION OF CHANGE IN
ULTIMATE STRENGTH OF FLAT INDIVIDUAL COUPONS OF JOIST





























FIG. 28 - COLUMN DIAGRAMS: DISTRIBUTION OF AVERAGE CHANGE
IN ULTIMATE STRENGTH OF FLATS OF JOIST CHORDS -
a) ALL SECTIONS INCLUDED, b) SECTIONS WITH AREA
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FIG. 29 - CUMULATIVE FREQUENCY CURVES: DISTRIBUTION OF AVERAGE CHANGE
IN ULTIMATE STRENGTH OF JOIST CHORD FLATS - a) ALL SECTIONS
INCLUDED - b) SECTIONS WITH AREA LARGER THAN 0.5 SQ. IN.
a· BASIC SECTION
1--..1 1--, _I ,-
b - COMMON SHAPES DERIVED FROM THE BASIC SECTION
FIG. 30 - BASIC AND COMMON SHAPE SECTIONS USED IN THE COM-
PUTER PROGRAM TO STUDY FLEXURAL BEHAVIOR OF
LIGHT-GAGE MEMBERS.
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FIG. 31 _ VARIATION OF YIELD AND ULTIMATE STRENGTHS
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FIG. 33 - VARIATION OF YIELD AND ULTIMATE STRENGTHS
ACROSS BEAMS 4 ANr 5.
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b - LOADING SCHEME


























.001 .002 .003 ·004 .005
CURVATURE (radians)
Tensile Properties: a) Cold Forming Considered;
b) Cold Forming Neglected. Compressive Properties:
c) Cold Forming Considered; d) Cold Forming Neblected.





































Tensile Properties: a) Cold Forming Considered;
b) Cold Forming Neglected. Compressive Properties:
c) Cold Forming Considered; d) Cold Forming Neglected.
FIG. 36 - MOMENT-CURVATURE CHARACTERISTICS OF BEAM 2.
0~



































Tensile Properties: a) Cold Forming Considered, Uniform
Flats; b) Cold Forming Neglected; e) Cold Forming Con-
sidered, Non-Uniform Flats. Compressive Properties:
c) Cold Forming Considered, Uniform Flats; d) Cold Form-
ing Neglected; f) Cold Forming Considered, Non-Uniform
Flats.





















Tensile Properties: a) Cold Forming Considered;
b) Cold Forming Neglected. Compressive Properties:
c) Cold Forming Considered; d) Cold Forming Neglected.

























Tensile Properties: a) Cold Forming Considered;
b) Cold Forming Neglected. Compressive Properties:
c) Cold Forming Considered; d) Cold Forming Neglected.
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Tensile Properties: a) Cold Forming Considered; b) Flat's
Yield Strength. Compressive Properties: c) Cold Forming
Considered; d) Flat's Yield Strength.
FIG. 40 - MOMENT-CURVATURE CHARACTERISTICS OF BEAM 5.
ELASTIC METHODS











CTyv = virgin yield strength
CTya = average as-formed yield strength
CTYf = flat's yield strength
CT yc =corner's yield strength
FIG. 41 - STRESS DISTRIBUTIONS ASSUMED IN COMPUTING THE

























































































FIG. 44 - LOAD VS. MIDSPAN DEFLECTION, BEAM 3.
COLUMNS SC-I
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FIG. 45 _ VARIATION OF YIELD AND ULTIMATE STRENGTHS
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FIG. 46 - VARIATION OF YIELD AND ULTIMATE STRENGTHS
ACROSS COLUMNS SC-2.
SPECIMEN HYDROSTONE FOR
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a - LATERALLY SUPPORTED COLUMN TESTS
SUC-I SSC- I SSC - 2
b - STUB COLUMN TESTS
FIG. 47 - a) LATERALLY SUPPORTED TEST; SET-UP AND GAGING























FIG. 49 - SCHEMATIC SET-UP FOR BUCKLING ABOUT THE WEAK-
AXIS OF AXIALLY LOADED PIN-ENDED COLUMNS.
HEAVY GREASE








FIG. 50 - SCHEMATIC SET-UP FOR BUCKLING ABOUT THE STRONG











FIG. 51 _ TENSILE STRESS-STRAIN CURVES FOR ELEMENTS OF























FIG. 52 - COMPRESSIVE STRESS-STRAIN CURVES FOR ELEMENTS

























FIG. 53 _ TENSILE STRESS-STRAIN CURVES FOR ELEMENTS OF
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FIG. 54 - COMPRESSIVE STRESS-STRAIN CURVES FOR ELEMENTS














FIG. 55 _ TENSILE STRESS-STRAIN CURVES FOR ELEMENTS OF



















FIG. 56 - COMPRESSIVE STRESS-STRAIN CURVES FOR ELEMENTS
OF LIPPED-HAT SECTIONS. SERIES SC-2.
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FIG. 51 - COMPARISON OF FULL SECTION COMPRESSIVE STRESS-STRAIN CURVES FOR
LATERALLY SUPPORTED AND STUB COLUMN TESTS; SERIES UC-l AND UC-2.
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EULER CURVE
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FIG. 58 - COMPARISON OF TEST RESULTS AND COLUMN CURVES FOR SERIES UC-l AND UC-2.
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CURVE
EXPERIMENTAL BUCKUNG LOADS
o SERIES UC - I
• SERIES UC - 2
AISI CURVES (EQ.
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SERIES UC - 2 /
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GENERALIZED TANGENT MODULUS THEORY CURVES
(EQ. 19) BASED ON COMPRESSIVE COUPON PROPERTIES
STRONG AXIS BUCKLING (UC - 2)
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FIG. 60 - LOAD VS. CENTERLINE DEFLECTION FOR SERIES UC-l AND UC-2 COLUMNS.
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FIG. 61 - COMPARISON OF FULL SECTION COMPRESSIVE STRESS-STRAIN CURVES FOR
LATERALLY SUPPORTED AND STUB COLUMN TESTS; SERIES SC-1.
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FIG. 62 - COMPARISON OF FULL SECTION COMPRESSIVE STRESS-STRAIN CURVES FOR
LATERALLY SUPPORTED AND STUB COLUMN TESTS; SERIES SC-2.
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FIG. 63 - COMPARISON OF TEST RESULTS AND COLUMN CURVES FOR SERIES SC-l.
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GENERALIZED TANGENT MODULUS THEORY CURVES
(EQ. 19) BASED ON COMPRESSIVE COUPON PROPERTIES




...........,._._._.~.._. c. ......... .........
._.-.- J -.-._--...- .......



















0' , , , , , I ,
20 40 60 80
L/r RATIO
100 120 140
FIG. 64 - COMPARISON OF TEST RESULTS AND COLUMN CURVES FOR SERIES SC-l.
50 , , , , i , , •
GENERALIZED TANGENT MODULUS THEORY CURVES
(EQ. 19) BASED ON TENSILE COUPON PROPERTIES
CURVEa
o
o EXPERIMENTAL BUCKLING LOADS
EQ. 22 CURVES BASED
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FIG. 65 - COMPARISON OF TEST RESULTS AND COLUMN CURVES FOR SERIES SC-2.
50 , iii iii •
GENERALIZED TANGENT MODULUS THEORY CURVES
(EQ ° 19) BASED ON COMPRESSIVE COUPON PROPERTIES
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FIG. 68 - TYPICAL STRESS-STRAIN CURVES FOR ELEMENTS










a - IDEALIZED SECTION
<1 .
I
















b - STRAIN AND STRESS DISTRIBUTIONS
FIG. 69 - a) IDEALIZED LIPPED-HAT SECTION





















































10 AC1 = 0.10 in 2
Ac2=0.20in 2
CTyf : 40 kif
CTyc • 60 k'i




FIG. 71 - COMPARISON BETWEEN MONO-SYMMETRICAL COLUMN
CURVES, NEGLECTING AND CONSIDERING THE
ECCENTRICITY OF LOADING.
